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SUMMARY 

Thia report contains an analytical investigation 
of the effect of rough terrain on the loads, weights, 
and performance of the OV-1 airplane during landings. 
The load calculations, which were conducted on an 
IBM 7090 computer, considered the internal operating 
mechanism of the landing gear and the flexibilities 
of the gear and structure as a mutually interacting 
dynamic system.  The equations of motion and certain 
details of the computer program are provided in 
Appendix I. 

A determination was made of the terrain roughness 
at which modification to the airplane was considered 
necessary and the terrain roughness at which the 
reduced performance of the OV-1 airplane, due to 
increased weight, became equal to or inferior to 
a VTOL aircraft of equal weight. 

This work was concerned with the determination of 
maximum loads and corresponding weight and perform- 
ance penalties; however, observations were made 
regarding the importance of repeated loads during 
landing or taxiing on surfaces with multiple 
irregularities. 

The primary results of the investigation appear in 
Tables 12 and 13, which show the terrain roughness 
at which structural reinforcement is considered 
necessary and the terrain roughness at which the 
performance of the airplane becomes equal to that 
of a VTOL aircraft of the same weight. 



INTRODUCTION 

OBJECTIVES 

The general purpose of this investigation was to obtain infor- 
mation on the effect of rough terrain on structural loads of 
aircraft so that rcugh-terrain loads criteria may be devel- 
oped. More specifically, the objectives were as follows: 

1. To determine analytically the variation of loads 
on the OV-1 airplane with terrain roughness and 
the corresponding changes in weight and aircraft 
performance, 

2. To determine the terrain roughness at which 
modification to the OV-1 aircraft is desirable 
or necessary, and 

3. To determine the degree of terrain roughness 
at which the reduced performance of the OV-1 
airplane, caused by increased weight, becomes 
equal or inferior to the performance of a VTOL 
aircraft of the same gross weight. 

The need for the establishment of new structural design cri- 
teria for rough-terrain operations arises from the fact that 
current Army aircraft are designed to meet Air Force, Navy or 
Federal Aviation Agency requirements.  These aircraft are not, 
in general, designed for loads that may be imposed by some of 
the Army's specialized missions, particularly rough-terrain 
operations, 

The problem involved in establishing these design criteria is 
to specify the extent of the roughness to which the aircraft 
must be subjected upon landing.  It is apparent that an air- 
craft which has a finite landing speed cannot be designed for 
il! -«"-■'K-io Hor-^opq nf landing area roughness.  It is assumed 
that the design roughness should be no greater unan ona^ 
which will Impose weight penalties sufficient to make a VTOL 
aircraft more efficient.  The reasons for the project objec- 
tives thus become clear:  By examining the effect of rough- 
terrain landings on several aircraft configurations, it is 
hoped to obtain an approximate idea of a reasonable terrain 
roughness to be used in the design of future Army aircraft. 



The problem of landing area roughness has been of concern 
for many years to both civil and military organizations. 
It has long been recognized that normal irregularities in 
commercial landing fields have contributed to the fatigue 
damage of transport aircraft, and the work described In 
References 1 to 3 was conducted to define the magnitude and 
frequency of undulations at some of the large airports of the 
world. The Navy has experienced numerous landing gear fail- 
ures which were attributed to running over an arresting cable 
at the time of impact and is currently conducting an investi- 
gation for the development of a gear which will alleviate the 
loads experienced under those circumstances. 

The terrain roughness encountered by Army aircraft at their 
forward bases is of greater magnitude and requires special 
consideration.  Previous TRECOM-funded programs have Involved 
experiments with large, high-flotation tires (Reference 4) 
and actual landing tests with several fixed-wing Army aircraft 
on rough terrain (Reference 5). The current investigation is 
the first Army-sponsored project which approaches the problem 
on a strictly analytical basis.  It is hoped that the results 
will develop an understanding of the factors Involved and 
will provide a base for the formulation of design criteria 
for rough-terrain operations. 



THE OV-1 AIRPLANE AND GEAR 

The OV-1 airplane, upon which this investigation ia baaed, 
is shown In Figure 1. Pertinent general data are given In 
Table 1. The OV-1 is a two-place, twin turboprop airplane 
built by the Grumman Aircraft Engineering Corporation. It 
was designed to operate from small, unimproved fields and la 
primarily a tactical observation and photographic airplane. 

The OV-1 is equipped with a retractable tricycle landing gear, 
having a full-swivellng non-steerable nose wheel.  The inter- 
nal mechanism of both main and nose gear incorporates a con- 
ventional hydropneumatic shock strut equipped with a metering 
pln-orlflce arrangement characteristic of airplanes designed 
for high sink speeds.  General arrangement sketches of the 
main and nose gear are shown in Figures 2 and 3. 

The OV-1 configuration used for this ground loads study is the 
airplane equipped with empty 150-gallon wing tanks, 4 HVAR 
rockets on the wing racks, and 670 pounds of fuel in the fuse- 
lage tank.  The corresponding gross weight is 11,771 pounds 
with the center of gravity at fuselage station 159.8 and 22.3 
Inches below the fuselage reference line.  The basic take-off 
weight for performance calculations is l4,3-l-t0 pounds, the con- 
figuration being Identical to the landing configuration except 
for full fuel (i.e., fuselage and external wing tanks full) 
and less rocketa. 

References 5 through 30 give pertinent structural weight and 
aerodynamic data on the airplane.  The following fundamental 
items of structural design criteria are summarized for the 
reader's convenience. 

Maximum design limit load factors     5-0,  -2.0 
at design flight gross weight 

Design limit speed 390 knots (EAS) 

Design limit sinking speed 17.0 fpa 

Design ultimate sinking speed        20.8 fpa 
at design landing gross weight 
of 10,715 pounds 



THE VTOL AIRPLANE 

The VTOL aircraft chosen for comparison with the OV-1 is shown 
in Figure k.    This aircraft is a canard, tilt wing vehicle 
powered by two Lycoming LTC'IB-S shaft turbines driving four 
variable cambered propellers. The engines and propellers are 
interconnected to permit single engine operation in the event 
of an engine failure and for increased cruising economy.  The 
aircraft is a modified version of the Douglas D-S^? retrieval 
VTOL previously designed for a mission comparable to that con- 
sidered for this study. 

Fixed equipment Installed in the VTOL aircraft has been selected 
to duplicate the OV-1 installation for the observation mission. 
The fuselage can accommodate all fuel internally and thus does 
not require the external fuel installation provided on the OV-1. 
The aircraft has a limit load factor of 4.0 at take-off weight 
to be compatible with the OV-1 at design take-off weight. 

The VTOL aircraft size required to achieve mission capability 
equivalent to that of the OV-1 is determined by investigation 
of several sizes over a range of take-off gross weight from 
10,000 to 16,000 pounds. 

Fuselage and engine size, engine installation losses, and pro- 
peller efficiency are assumed to be the same for all weights. 
Propeller size is determined by the requirement for a static 
thrust-to-weight ratio of 1,05 for sea level hot day (89.60F) 
operation.  "Wings are sized by holding constant the clearance 
between the forward propellers and the fuselage, and by main- 
taining the same aspect ratio and span ratio between the forward 
and aft wings. 

Dimensions of the VTOL aircraft at the four weights considered 
for this study are given in Table 2.  The weight breakdown 
used to obtain fuel weight is contained in Table 5. 



ROUGH-TERRAIN CATEGORIES 

A requirement of this project was to relate the limiting 
landing conditions to terrain roughness described in accord- 
ance with a terrain designation system developed by the 
Planning Research Corporation, Los Angeles, California, 
presented in Reference 51.  An example of a terrain desig- 
nator is given in Figure 5-  In that report terrains are 
classified by the use of four matrices.  The first matrix 
defines operational area, length and width dimensions, and 
general slopes in width and length directions.  The second 
matrix defines height, spacing and slope of terrain undula- 
tions.  The third matrix defines height, spacing and type 
of obstacles.  The fourth matrix defines the soil as to 
its California bearing ratio and soil classification.  The 
variations of each parameter in each matrix with terrain 
roughness are shown in Tables 4 through 7. 

Several simplifications of the terrain roughness spectrum 
were required by limitations of the project size and by 
limitations of the computing capabilities.  These are 
listed and discussed below   (paragraph numbers corre- 
spond with matrix numbers): 

I.  No side force calculations were included in the 
computing program.  Therefore, width slope, para- 
meter 2 in the first matrix, is zero in all 
conditions. 

II.  Obstacles as well as undulations were two- 
dimensional, that is to say cylindrical, with 
axes at right angles to the motion of the airplane. 
This simplification resulted from the first, since 
a skewed or non-uniform bump would induce side 
loads. 

III.  Obstacles were iimiteu xn ohu,^- '-- 1 z~~  u r " 
with the minimum radius approximately equal to 
that of the tire.  This simplification was required 
for two reasons.  First, the computing program as 
originally conceived was incapable of handling 
the case whore there were two points of conto.ct 
of the wheel with the ground, and secondly, no tire 
load-deflection data were available for the defor- 
mation of the tire by ei loading surface of small 
radius.  A program revision was made to allow a 
slightly scalier minimum bump radii than tire 
radius by using a step integration across the bump 
rather than a convergence procedure on tire radius. 
However, a bump radius restriction was still 
required. 



IV. The soil characteristics were described in the cal- 
culations by the parameters of sliding and rolling 
coefficients of friction, and the results are so 
presented. A literature search was made in an 
attempt to correlate rolling and sliding coeffi- 
cients of friction to the soil capacity and classi- 
fication of matrix IV. Certain equations are 
available to determine wheel sinkage and rolling 
coefficient of friction from basic soil parameters 
for slow and steady vehicle movements (sea References 
35 to 55). This data, however, is not applicable 
to the impact and high velocity conditions encountered 
on landings. Therefore, the results are quoted in 
terms of rolling coefficient of friction. 



METHODS OP ANALYSIS 

GENERAL 

The methods used to accomplish the objectives stated in the 
Introduction are described in general terms, after which a 
more detailed description of each phase is presented. 

To determine analytically the variation in loads of the OV-1 
airplane with terrain roughness, computations were made 
using an IE" program which simulated the operational charac- 
teristics of the gear and the elastic properties of the gear 
and airplane structure.  The input to the computing program 
consisted of the initial velocities, both vertical and hori- 
zontal, the attitude of the airplane, and the contour and 
character of the ground.  To assure that the computing pro- 
gram was representing the aircraft adquately, initial runs 
wore made simulating drop tests which were made by the air- 
craft manufacturer on the aircraft itself, and the analytical 
results were compared with the test results. 

The output of the computing program gave time histories of 
load or element acceleration.  Critical values of load at any 
instant of time were then used to compute changes in weight. 

'.•'eight changes were obtained by theoretical stress analysis 
methods typical of those used in advanced design.  Although 
the methods used for determining weight variation were not 
complex, the bookkeeping was extensive since there were many 
cases and numerous loads for each case which affected differ- 
ent portions of tv ., ^^. .... .  ' ' ■v"i' "h^ges were plotted 
as a function of terrain roughness parameter such as size of 
bump, spacing, or coefficient of friction.  In order to ana- 
lyze adequately the effect of terrain roughness on the perfor- 
mance of the 0V'-1 airplane, the performance characteristics 
of the aircraft were first derived for arbitrary variations 
in airplane weight.  Therefore, take-off performance was com- 
puted as a function of take-off weight, landing performance 
was derived as a function of landing weight, and radius per- 
formance was obtained as a function of take-off weight and 
fuel quantity.  The methods used to calculate these perfor- 
mance characteristics are described and are based on data 
supplied by the Grumman Aircraft Engineering Corporation 
(GAEC).  Correlation with the results obtained by the GAEC 
was made.  The performance characteristics of the VTOL air- 
craft selected for comparison were also determined. 



Based on the methods and equations derived to describe the 
performance characteristics of the OV-1 as a function of 
weight, the effects of various terrain conditions were next 
developed.  These characteristics were then compared with 
those of the VTOL airplane. In order to determine the terrain 
conditions for which a VTOL airplane of the same gross weight 
as the OV-1 had a radius equal to that of the OV-1. 

BASIC ASSUMPTIONS 

The basic assumptions used in this analysis and their effect 
on the results are discussed in the following paragraphs. 

1. Weight Increments for this analysis were based on 
ultimate sinking speeds of 17,   12 and 8 feet per 
seconü with respect to a horizontal datum plane. 
Since the OV-1 was designed and tested for an ulti- 
mate sinking speed of 20.8 feet per second, strength 
margins existed for 17-0 or less feet per second 
landings on rmooth terrain.  Positive weight incre- 
ments were therefore obtained only after the terrain 
roughness became high enough to use up this strength 
margin.  The terrain roughness at which "modifica- 
tion to the OV-1 aircraft is desirable or necessary"* 
was assumed to be those degrees of terrain roughness 
where the weight increment became positive. 

It is evident that these points are highly dependent 
on the basic sinking speed assumption, and that all 
weight increments are affected by it to a greater 
or lesser extent. 

Design sinking speeds should ideally be established 
after the examination of large quantities of statis- 
tical data on actual landings of aircraft.  Since 
such data were not available for airplanes operating 
in and out of unimproved areas, three sinking speeds 
were chosen so that the effect of the basic sinking 
speed assumption can be easily determined. 

2. The rigidity of the OV-1 airplane was assumed to 
remain constant as loads increased.  In other words, 
as the weight increased because of rough-terrain 
loads, nn corresponding changes in rigidity were 

"f See objective number 2, page 2 



made.  Obviously, then, the computed weight increases 
are only a first approximation.  An iteration to 
improve accuracy was not considered practical princi- 
pally because of the enormous labor Involved.  The 
effect of the assumption is to cause less accuracy 
at the higher weight increments. 

5.  All surface roughness was assumed to be of the 1- 
cosine shape.  Various terrain slopes and rolling 
coefficients corresponding to various degrees of 
landing area softness were also investigated.  The 
1-cosine shape was used because it was a good 
approximation of typical natural undulations and 
because it provided a convenient mathematical treat- 
ment.  By relating the results to the maximum height 
of bump, the maximum slope, or length, a means has 
been provided for obtaining approximate performance 
penalties for bumps of other shapes.  Since maximum 
loads were always obtained before the crest of the 
bump, the shape of the approach side is of importance. 
The solutions are, therefore, considered applicable 
to asymmetric bumps where the shape of the approach 
side conforms to a l-cosine curve and the shape of 
the down side is of little consequence. 

k.     Surface roughness was assumed to be cylindrical with 
axis in a horizontal plane normal to the motion of 
the airplane.  This assumption was a corollary of the 
basic concept of the project that asymmetric initial 
conditions would not be included in the calculations. 

5.  In the Investigation of the effect of continuous 
terrain slope, it was assumed that the airplane 
attitude was adjusted by the pilot to the slope of 
the landing area but that the sinking speed relative 
to the horizontal datum plane was unchanged.  The 
landing area slope which was assumed upward in the 
direction of flight caused an effective increase in 
sinking speed equal approximately to the slope times 
the forward velocity.  This assumption obviously 
gave higher weight Increments and greater perform- 
ance penalties tnan would be obtained if the pilot 
adjusted completely to the slope and landed at seven- 
teen feet per second measured normal to the ground. 
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LOAD DETERMINATION 

Loads were determined from a computing program based on Refer- 
ence 56. Modifications to this work were introduced to include 
landing and taxiing on a non-uniform area and to provide 
print-out of accelerations and loads at discrete points 
throughout the airplane.  Since the mathematical statement of 
rough terrain and the accompanying data required in the solu- 
tion exceeded the total capacity of the former program, it 
was re-coded in Fortran language. 

The computing program coded in Fortran language generates the 
ground contact loads and structural accelerations on an elas- 
tic airplane, accounting for the feed-back between the air- 
plane and the main and nose landing gears during landing and 
taxiing.  The non-linearities of the tire spring rates, air 
compression in the oleo, hydraulic damping, metering pin 
cross-sectional area, and drag forces dependent upon skidding 
and rolling ground coefficients of friction were considered. 
The flexibility of the gear and of the airplane is accounted 
for by the inclusion of several natural modes of vibration 
which were determined from the results of the manufacturer's 
ground vibration tests corrected to the configuration used 
in this report. 

In the interest of simplification, certain limitations were 
Imposed on this analysis, but these are inherent neither in 
the general method nor in the computing equipment available. 
For instance, the bumps were assumed to be of l-cosine shape. 
They could have been made mere complex.  A constant forward 
velocity of Sh.^  knots was assumed.  The angle of the strut 
with the vertical was assumed constant for each case computed. 
A constant sliding coefficient of friction before spin-up and 
a constant rolling coefficient of friction after spin-up 
were used. 

The tire load-deflection curve was represented by a series of 
straight lines of sufficient number to provide a satisfactory 
approximation of the exact curve.  This procedure permitted 
the Inclusion of a relatively sharp break in the curve at a 
point near full tire compression. 

Four flexible modes of vibration were used in the analysis 
with frequencies of 7.06, 7.76, 9.0^  and 13,6 cycles per 
second.  This was sufficient to describe accurately the 
elastic characteristics.  However, the number of degrees of 
freedom permissible in the pi-ogram exceeds those needed in 
the current studies and allows for future adaptation of the 
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program to analytical studies of unsymmetrical landings. The 
airplane was divided into a number of discrete mass items 
for purpoae of this analysis. The division is illustratsd 
in Figure 6. 

The airplane equations of motion were written to Include 
aerodynamic forces and their variation with both rigid body 
and elastic motion. Thus, aerodynamic damping was Included. 
Damping occurs through the instantaneous local plunging or 
flapping velocities of each area of the wing.  The finite 
aspect ratio value of dC^/da was applied to the elastic wing 
through "atrip theory". Aerodynamic damping was of importance 
in those investigations involving a sequence of bumps and was 
a factor in determining the degree of convergence or diver- 
gence of the loads.  It was of less Importance in the inves- 
tigations involving single bumps combined with landing Impact. 

The analysis was so arranged that it could be started with any 
set of initial conditions.  All displacements and velocities 
of the airplane and gear were input at the starting time. 
The assumption was made that the airplane touched down with a 
constant descent velocity.  All accelerations immediately 
prior to touchdown were assumed to be zero. 

ROUGH-TERRAIN REPRESENTATION 

Landing surface irregularities were represented by the types 
of terrain shown in Figure J.     These consist of: 

(a) Slopes in the direction of airplane motion 

(b) Soft earth as indicated by various sliding 
and rolling coefficients of friction 

(c) Single bumps 

(d) Continuous identical undulations 

(e) Series of discrete bumps. 

The protuberances investigated under (c), (d) and (e) con- 
sisted of cylindrical, l-coslne bumps of various heights and 
lengths oriented at right angles to the direction of airplane 
motion.  The magnitudes of surface irregularities were pro- 
gressively Increased until the weight increments resulting 
therefrom brought the performance of the STOL airplane down 
to that of the VTOL airplane.  The investigation was limited 
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to protuberances with concave radii equal to or greater than 
the radius of the tire.  Computational difficulties arose 
when bumps outside this range were considered because of the 
fact that the tire then made contact with the ground at two 
locations. 

The number of cycles of "continuous" undulations considered 
in each landing was a function of wave length.  Thus, ten 
cycles were used when the length was 27.'+ inches; five cycles 
were used with a k^-luch  wave length and 5 cycles were used 
at 137-inch wave length.  To a large extent, this limit was 
created by the computing machine time required to run each 
case; however, some justification for this procedure lies 
in the anticipated character of the terrain.  The short undu- 
lations can be considered to be a plowed field, the furrows 
of which are both uniform and continuous. The long undula- 
tions might be considered natural irregularities.  The proba- 
bility of encountering more than three such protuberances of 
equal wave length is rather remote. 

The frequency of the continuous undulations* started at 125 
cycles per second fL = 25 inches) and extended down to 12.5 
cycles per second {L = 157 inches), a value Just below the 
highest of the structural frequencies used in the analysis. 
The series of discrete bumps were spaced further apart and 
were designed to excite the lower structural modes.  Each of 
these series contained two identical bumps. 

The 1-cosine function was written in terms of the start and 
finish distance of the irregularity from the point of touch- 
down or start of taxi, and in terms of the one-half amplitude 
"A".  If "Z" designates the height of the roughness from the 
horizontal datum plane, and "x" the distance from the point 
of touchdown, then 

Z = A cos dv 
x~xStart \ 

xPin~xStart 
(1) 

^     Frequency of the undulations is defined as -, where V is 

the landing speed in inches per second and L is the wave 
length in inches. 
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where  X2|-ar^  =  the distance from point of touchdown 
to start of bump 

cPin the distance from point of touchdown 
to the end of the bump. 

The slope at any point is 

dZ 
dx 

2irA x-x 

xFin"xstart 
SIN  2rjr 

Start 
xPin"xStart 

(2) 

The maximum slope of this irregularity occurs when x-x^^g^ 

= 1/4 (xpj_n-X2^art) or, in other words, at a point 1/4L 

from the beginning of the bump.  Hence, 

dZ] 
dxlMax 

27rA "^Max 
"~T~ (3) 

It has been noted that, in the consideration of bumps or 
undulations, the smallest curvature of the irregularity was 
always maintained approximately equal to the tire radius. 
If the radius of curvature is substantially less than the 
wheel radius, the mathematical solution is divergent.  Refine- 
ments to the program could have been introduced to take into 
account radii smaller than the wheelj however, to do this 
adequately, an investigation into the tire load-deformation 
characteristics for each size obstacle would also have been 
necessary.  This was clearly beyond the scope of the project. 
In any event, subsequent calculations showed that a l-cosine 
bump of a size large enough to comply with the minimum radius 
requirement was, indeed, a small bump insofar as the induced 
load-time pulse was concerned.  The load pulse resulting 
from the minimum length bump investigated was completed in 
the order of .01 second. 

EQUATIONS OF MOTION 

The equations of motion which have been used in the computing 
program are given in Appendix I.  The items of structural 
load, velocities, displacements and accelerations which were 
obtained from the program are listed on page 57 (Appendix I). 
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THE CHECK-OUT 

In order to have some proof that the computing program was 
duplicating the action of the actual airplane, calculations 
were made using the initial conditions which were approxi- 
mately the same as those used for drop tests that were made 
on the airplane.  The calculated loads were then compared 
to the measured loads. The results of this comparison are 
shown in Figures 8 and 9. 

CONDITIONS COMPUTED 

Table 9 shows the conditions computed. These conditions 
were divided into groups which were arranged to provide data 
on the effect of one or two major variables on the airplane 
loads. Thus, Category "A" provides data on the effect of 
terrain slope plus secondary information on the effect of 
sliding coefficient of friction; Category "B" provides infor- 
mation on the effects of bump size. Category "B-4" being a 
special investigation to determine the effect of a series 
of discrete bumps; Category "C" provides information on the 
effect of continuous undulations plus secondary information 
on the effect of sliding coefficient of friction; and 
Category "J" provides information on the effect of rolling 
coefficient of friction.  Six conditions were also computed 
to investigate the effects of taxiing over evenly spaced 
bumps. 

STRUCTURAL WEIGHT ESTIMATION 

Weight increases were determined from load-time histories of 
critical loading conditions imposed on the various structu- 
ral components.  Allowable stresses were taken from the 
Grumman Aircraft Company stress analysis report for each 
structural area.  Weight penalties were adjusted to reflect 
existing margins of safety of each structural item in ques- 
tion on the OV-1 airplane. 

Fuselage bending weight penalties were calculated using the 
concept of equivalent thickness.  The fuselage was divided 
Into sections with the average combined skln-stlffener cross- 
sectional area reduced to an equivalent thickness.  New 
required equivalent thicknesses were then calculated for each 
representative section for the loads imposed by each new 
loading condition.  Total fuselage bending weight was 
obtained by integrating the sectional area requirements over 
the entire fuselage length.  Fuselage shear requirements 
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were determined using the same representative fuselage sec- 
tions as above for bending.  The shear weight increase for 
the entire fuselage was determined by integrating the 
sectional requirements. 

Wing weight requirements for wing shear, torsion, and 
bending ware determined separately.  Required bending areas 
were determined as described above for fuselage bending. 
Wing vertical Ghear was assumed to be resisted by the shear 
webs only and wing torsion by the total wing box, i.e., 
skins and shear webs.  Representative weights for spanwise 
sections wore determined and integrated as before for total 
weight values.  Weight increments for the store stations, 
equipment racks and engine supports were calculated by deter- 
mining the components of each which are affected by the 
various loading conditions, assuming a linear relationship 
between the weight of the component and the load.  Equipment 
rack weights determined in this manner were added to the 
section fuselage weight in which they were located. 

Weight penalties for the landing gears and their supporting 
structures were determined with the aid of the data and 
equations contained in Reference 57«  Side loads on the 
landing gears were not calculated in this study.  Side loads 
on the landing gears would affect the strength requirements 
of the landing gears and their support structure but would 
have a negligible effect on the strength requirements of the 
basic wing and fuselage structure.  The weight penalties 
which were calculated for Increased vertical and drag loads 
are considered to be conservative, and since the provision 
for Increased vertical and drag loads will Inherently pro- 
vide increased strength for side loads, no increased weight 
penalty for side loads was considered necessary. 

A IBPTANg PERFQMANCE 

Performance Characteristics of the OV-1 Mohawk 

In the following oaragraphs, the methods of determining the 
take-off, landing and radius characteristics of the OV-1 
Mohawk airplane are described.  Included in this description 
are the definition and derivation of the landing and take- 
off runway parameter, /O^Q and £)■,• 

The take-off, landing and radius characteristics of the OV-1 
are derived from aerodynamic and engine data obtained from 
the Grumman Aircraft Engineering Corporation (GAEC). 
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The equations used to determine the take-off and landing 
performance, which are derived in the following paragraphs, 
allow determination of the take-off and landing performance 
for variations in gross weight, runway friction and runway- 
slope for the entire range of variables considered in this 
study.  The aerodynamic forces and engine characteristics 
used in these calculations are given in Reference 30.  The 
aerodynamic forces are based on wind tunnel tests of a 1/7- 
scale model, and the engine characteristics are derived from 
engine and propeller manufacturers' estimates corrected for 
installation effects.  The radius characteristics of the 0V-1 
are obtained for various airplane gross weights and fuel 
quantities based on the propulsion system data shown in 
Reference JO and aerodynamic data derived by the GAEC from 
flight test results supplied Informally to the Contractor. 

Take-off Performance 

Derivation of the take-off ground roll equation, climb dis- 
tance over a 50-foot obstacle, and the take-off runway para- 
meter, x^mQ, are giver in the following paragraphs.  The total 
take-off distance over a 50-foot obstacle as a function of 
airplane weight and take-off runway parameter is shown in 
Figure 10.  These distances are shown for a main flap deflec- 
tion of 15 degrees.  The take-off speeds shown in Figure 11 
correspond to the minimum single engine control speed given 
In Reference 30.  The total take-off distance is the sum of 
the ground roll distance required to accelerate to take-off 
speed plus the ground roll distance covered during rotation 
from taxiing attitude to flying attitude plus the horizontal 
distance required to clear a 50-foot obstacle.  The take-off 
distance methods given below result in total take-off dis- 
tances that agree with those given in Reference 30.  Take- 
off distances given in Reference 30 show good agreement with 
flight test results. 
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Ground Run Distance 

Take-off ground run distance is obtained from 

*2 

The acceleration, a«.. Is obtained from the summation of the 
forces parallel to the ground: 

ax = f [* -A (W cos 9 - L) - W sin 

The X force (thrust minus drag) and the lifting force, L, are 
dependent on aircraft speed, angle of attack, and engine 
thrust.  These forces are shown in Figure 12 versus speed at 
take-off thrust and at the taxi angle of attack of 6.8 degrees. 

In order to define the effects of runway slope and overall 
coefficient of runway friction in a single parameter, a take- 
off runway parameter, /'-pQ, has been developed.  Such a para- 

meter makes it unnecessary to consider the separate effects 
of runway slope and coefficient of friction and thus simpli- 
fies the presentation of the terrain effects on take-off 
distances.  The take-off runway parameter, p IJQ, is defined as 

sin 0 +/U-R ( cos ö - L/W) 

In order for this take- off runwa 
the combin ed effe C13 of runway s 
of runway friction, the integrat 
wei ght rat io (L/W ) durl ng take-o 
wei ghts co nsldered.  An Investlg 
rat lo for the ran .re of take-off 
tha t the 1 ift-to- weight ratio va 
pra cticabl e value 3 of runway slo 
An average value of the llft-to- 
Ko r small values of runway slope 
slo pe can be set equal to one, a 
off parame ter may be expressed a 

y parameter to account for 
lope and overall coefficient 
ed average of the lift-to- 
ff must be constant for all 
atlon of the lift-to-weight 
weights considered showed 
ried from .53 to .58 for 
pe and coefficient of friction, 
weight ratio of .55 was used. 
, the cosine of the runway 
nd therefore the runway take- 
s 

/^TO = sin •^R 
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Expressing the X force shown in Figure 12 as a function of 
speed by 

X = 6400 - .42 V2 

and using the above-defined runway parameter, the accelera- 
tion may be written 

ax = | (6400 - .42 V2 -^T0 W)  . 

The integral for ground run distance is 

ivTo)
2 

o _ 1.69  W 3 -—r-  g 
 d(V2) 

6400 - /'TO W - -^v2 

With the weight and runway parameter constant, integration 
of this expression yields 

S = 1.&9' W In .42 
6400 - /^TO 17 

VT0 

The above determination of the take-off ground run distance 
does not account for the effect on ground run distance due 
to rotating the airplane from the taxi attitude to the take- 
off attitude.  As described In Reference 30, an additional 
ground run distance to account for the effects of rotation 
must be added to the distances derived above to obtain the 
total ground run distance.  These distances are shown in 
Figure 14. 

Distance Over 50 Feet 

The horizontal distances covered from lift-off to a 50-ioot 
obstacle are shown In Figure 13.  These distances, which were 
taken from Reference 30, are based on a pull-up after take- 
off utilizing a load factor that results In a speed at the 
obstacle that is equal to the take-off speed. 

The sum of the calculated ground roll distance, the incremen- 
tal distances to account for rotation effects, and the dis- 
tances covered in the climb to 5° feet, results in total take-off 
distances which agree well with those shown in Reference JO. 
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Landing Performance 

Derivation of the landing d 
runway parameter, p L, are 
The total landing distance 
and landing runway paramete 
distances are shown for a 4- 
The landing speeds shown in 
than the stall speed given 
distance is the sum of the 
foot obstacle to touchdown 
to stop. 

istance equations and the landing 
given in the following paragraphs. 
as a function of airplane weight 

r are given in Figure 15. These 
5-degree main flap deflection. 
Figure 16 are 10 percent higher 

in Reference 30. The total landing 
horizontal distance from a 50- 
and the ground distance required 

Distances To Clear a 50-Poot Obstacle 

The horizontal distance from a 50-foot obstacle to touchdown 
is based on holding a constant sink rate of V\  feet per second 
and constant approach speed to touchdown.   No flare is included 
prior to touchdown.  The distance is calculated by 

S = 50 i ^ X VAP^  - 1 
!   V, v 

Ground Roll Distance 

The ground roll distance has been determined in two segments. 
The first segment, which accounts for the time delay during 
application of reverse thrust, has been approximated by the 
distance required for a  2-second ground roll without changing 
speed. This approximation is necessary because the ground roll 
distance covered during this phase is dependent upon the pilot 
technique used to apply reverse thrust, and unknown variations 
in engine power and aerodynamic characteristics that occur 
during transition to full reverse thrust. 

The second segment of the ground roll is the distance required 
to stop with full reverse thrust and maximum braking.  Second 
segment distance is given by 

(V2Apr) 

S = - 1.69' 

) 

d(V2) 
ax 
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The acceleration, ax, is given by 

ax = W/g (T - D - W Bin e -AB pVm) 

The normal force on the main wheels, Pv™» i3 obtained by sum- 
ming moments about the airplane e.g. ana forces normal to the 
ground. 

M + 9.?6 PVn- 6.1 BPVm - 2.19 ?vm  = 0 

W cos 0 - L - PVm - PVn = 0 

Combining the above and solving for the force on the main 
wheels, Pvm» yields 

9.36 , M  . 
pvm D 9.3b + ^.19 + b.l/ZB (w cos 0 - L + 3-35) 
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Substituting for Pv in the equation for acceleration. 

ax =¥7g'T-D-W sin 0 +11.55 ^b.iTTi iC03 e - —r12-] 
As in the case of the take-off distance calculations, a runway 
parameter has been developed in order to allow a single 
representation of the effects of the runway slope and rolling 
coefficients of friction.  This parameter, /5 L» is defined as 

Pi.  = sln ■f 11.55 + 6.1^3 cos 0 

M " 

IT 

In order that this function, p L, adequately combines tht 
effects of runway slope and rolling coefficients of friction, 

L - 
the integrated average value of the expression 

IT 

M 
?o5 

must be constant for all landing weights considered. 

For practical ranges of runway slopes and coefficients of 
friction, it was found that this parameter did allow correla- 
tion of these two variables into a single function. 

For small values of runway slope, the cosine of the runway slope 
is sot equal to one.  Substituting the average, integrated value 

L - 

^r 
T7^ into the above expression for P , results in the 

following expression for the landing runway parameter: 

9.36//B 
PL  = sin Ö + TTT^^-^. 

The acceleration is then 

l/A B 

a 1 
x = TO  (T " D -A*) • 

Using the above expression for the acceleration, the equation 
for second segment distance is 

(^Apr)2 

.2     ,,        f . /V2 1.69 W 
g 

d (V^) 



The thrust, T, and airplane drag, D, for the landing roll-out 
with full reverse thrust applied are shown versus speed in 
Figure 17. Because of the shape of the combined thrust minus 
drag forces versus speed, a good approximation of average 
thrust and drag may be obtained by evaluating these terms at 
.5 times the landing speed. Using these approximate average 
forces, the second segment stopping distance is obtained from 

I.69 W     Vkpr 
s T.5vApr-D.5VApr-/

ör> 
The total landing ground roll is the sum of the distances 
calculated for the two roll-out segments. 

The sum of the two roll-out segments and the distance over a 
50-foot obstacle results in total landing distances that are 
in good agreement with those shown in Reference 50. 

Radius Determination 

The radius characteristics of the 0V-1 have been determined 
for a mission that includes a warmup and take-off allowance, 
cruise to the target at speed for maximum range at sea level, 
one minute over the target at maximum speed, and return at 
speed for maximum range at sea level with a reserve allowance 
consisting of 10 percent initial fuel.  Fuel consumptions.are 
based on the engine manufacturer's specification and are in- 
creased 5 percent.  The mission profile is shown in Figure 18. 
These radii have been determined for the OV-1 configured with 
two 150-gallon external fuel tanks and without external arma- 
ment.  The fuel tanks are retained throughout the mission. 
The cruise characteristics of the OV-1 in this configuration 
are presented in Figure 19 as specific range (nautical miles 
per pound) versus weight and airspeed. 

Figure 20 presents the radius as a function of fuel on board 
for two basic weights (take-off weight less fuel).  These basic 
weights correspond to the unmodified OV-1 airplane (lO^gi 
pounds) as derived from Reference 25, and for an arbitrary 
increase in basic weight of 2000 pounds. The internal fuel 
capacity of 1900 pounds is derived from Reference 30,  No 
changes in the airplane external lines are considered for the 
modified airplane. 



Performance of the VTOL Airplane 

The radius capability of the VTOL airplane used for comparison 
with the OV-l has been calculated based on estimated airplane 
drag and engine fuel consumption from engine manufaoturer's 
specifications. 

The drag characteristics of the VTOL are determined from analy- 
sis of parasite drag and Induced drag.  The method used to 
obtain parasite drag was developed from a study of flight test 
data on twenty-one airplanes of varying configurations. This 
method relates the parasite drag of the airplane components 
to their respective wetted areas, fineness ratio or thickness 
ratios, and an equivalent fl,at plate skin friction coefficient. 
The Induced drag, which is determined by the effective airplane 
span. Is estimated by use of wind tunnel data on a similar, 
canard VTOL configuration and theoretical analysis of Inter- 
ference effects between forward and aft wings. These methods 
are described in detail in Reference 38. The total parasite 
drag area, f, and effective span, be, are tabulated in Table 2. 

Basic engine fuel consumption characteristics are obtained 
from Reference 39-  The engine performance has been reduced by 
6 percent to account for Installation losses.  An estimated 
propeller efficiency at cruise of .83 Is used. 

The mission specified for this study consists of a sea level 
cruise out on two engines, military power climb to ^000 feet, 
plus 1 minute military power combat, and cruise back at sea 
level.  Five minutes at normal rated power Is assumed for 
warmup, take-off, and landing, and a reserve of 10 percent of 
total fuel is provided. 

The calculated values of combat radius and maximum speed for 
the VTOL configuration are summarized In Table 10 for the four 
airplane weights considered. 
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RESULTS 

LOADS 

Eighty items of information were obtained at .002-3econd in- 
tervals or less from the loads computing program for each 
of the landing conditions noted in Table 9.  The items of 
load information consisted of time histories of ground reac- 
tions, gear loads, gear displacements, wing and fuselage 
accelerations, shears and bending moments, and accelerations 
of major mass items (see page 57, Appendix l).  The presen- 
tation of this complete mass of data in the present report 
would not serve a useful purpose; however, typical load data 
are presented to show significant results.  Curves of the 
data from typical landings on each of the most important 
types of terrain are presented.  Loads and accelerations for 
a landing on smooth terrain are also presented (Figures 21 
to 23) so that the effects of terrain variation may be visu- 
alized by comparison.  Results will be categorized according 
to the surface irregularities shown in Figure 7. 

In computing the loads for landings on runways 
which sloped upward in the direction of airplane 
motion, it was assumed that the pilot could adapt 
the airplane attitude to the local slope, but that 
the flight path and, hence, the horizontal and 
vertical velocities, established by reference to 
the horizon, were unchanged.  Under these conditions, 
slopes created an effective increase in sinking 
speed equal to 

AVy = I.689V. sin e   (feet per second) 

where Vv is in feet per second and V. is in knots. 

At the airplane landing speed, V^, 84.S knots, 

each degree of slope created in increment of verti- 
cal speed of 2.5 feet per second.  The variation of 
maximum vertical and horizontal landing gear loads 
with slope is shown in Figure 24. 

It is possible to consider a uniform slope as the 
limiting case of a long bump.  Hence, the results 
are approximately applicable to long smooth bunpswith 
maximum slopes as shown.  A long bump can be defined 
for these purposes as one which the half-length 
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(distance from beginning to the apex) is longer 
than the distance traveled during the period of 
impact.  For this aircraft, high gear loads exist 
for approximately 0.2 second, and a long bump has 
a half-length of roughly JO feet. 

2.  Soft Earth Landings 

The effect of landings on soft earth is illustrated 
in Figure 25, which shows the gear loads experienced 
when the rolling coefficients of friction is 0.7 and 
the sliding coefficient is .4. 

Soft earth landings have been investigated by the 
simple process of varying the static and rolling 
coefficients of friction which are used in the com- 
putations.  The problem of relating the coefficients 
to measurable characteristics of the soil is left to 
other investigators.  In this regard, it would appear 
that considerable work remains to be done Inasmuch 
as rolling coefficients of friction which have been 
obtained under slow moving conditions probably are 
not applicable to the relatively high aircraft 
landing speeds. 

Intuitively, one realizes that the important load in 
this case is the drag load on the gear.  Figure 26 
shows the variation of maximum drag load with rolling 
coefficient for the three initial sinking speeds 
together with the corresponding vertical loads.  From 
these curves it is apparent that main gear vertical 
leads are not significantly increased by increases 
in coefficient of friction but that the drag load is 
Increased substantially.  Nose gear vertical loads 
are increased because of the nose-down airplane 
pitching moment created by the higher drag forces. 

J.  :i:n-l" l^u-irs 

The magnitude of the vertical gear load increment 
obtained when the airplane landed upon a single bump 
was dependent not only on the height of the bump, 
the sharpness or wave length, and the initial sinking 
speed, but also on the position of the airplane's 
initial touchdown relative to the bump.  The last 
consideration made it necessary to determine the 
critical point of touchdown for each landing before 
proceeding with the rest of the Investigation. 
Figure 27 shows the variation of the main gear 
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vertical load with time for three landings. The 
variation of peak load with point of touchdown rela- 
tive to the bump is shown, together with a compari- 
son with the load experienced on a smooth runway. 
Less severe load increments were observed when the 
shock strut was fully compressed, since at that time 
the tire had recovered and it helped to absorb the 
bump. 

Figure 28 shows the vertical gear load-time varia- 
tion for a bump 157 inches long.  It will be noted 
that the peak load was obtained as the wheel passed 
a point on the bump which was between the maximum 
slope and the summit of the bump.  For the 1-cosine 
contour used here, this means that the peak load was 
obtained as the wheel passed a point between one- 
quarter and one-half of the length of the bump. The 
effect of sinking speed is shown in Figures 29 and 
30 for landings on a terrain which includes a single 
bump 3 inches high and 27.4 inches long.  Figure Jl 
shows the effect of wave length, sink speed, and 
bump height on the magnitude of the maximum vertical 
load.  In these figures, all landings were made at 
the critical point of touchdown. 

The large magnitude of the load increment caused by 
relatively small bumps, when the initial sinking 
speed is high, requires special comment.  Examination 
of other portions of the computer program output 
shows that the tire bottoms (or becomes flat) during 
a normal 12-feet-per-second landing.  If the wheel 
encounters a bump during the period when the tire is 
flat, a sharp, high-velocity pulse is imparted to 
the gear which is additive to that caused by the air- 
plane's sinking speed.  Since the metering pin- 
orifice dimensions are not designed for this condition, 
the oil flow is essentially blocked, and the gear 
becom.es a rigid strut.  This phenomenon has been 
noted with carrier aircraft where severe damage was 
Incurred when the gear rolled over an arresting cable 
at the time of maximum tire deflection.  Figure 32 
shows the recorded load from such a landing.  In this 
case, the bump consisted of a 1-3/8-inch, multi- 
strand arresting cable undoubtedly compressed some- 
what under load. 

Although the highest gear loads were experienced 
with short bumps, the wing loads were often maximum 
when the frequency of the bump approached that of the 
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structure.  This is illustrated typically by the 
following comparison, which shows the relationship 
between maximum main gear vertical and maximum wing 
moment for two J-irich bumps of different length: 

3" Bump Length Max. Vertical  Max. Wing 
(V = 17 fps)    Gear Load    Mom.-Sta. 40 

(Lb.)      (In.-Lb.) 

27.4 111,500     1,862,000 

157 62,620     2,007,000 

This result is not surprising since an analogy can be 
drawn to the response of a single degree of freedom 
system in which the response to a pulse is a function 
of the ratio of frequency of the pulse to the fre- 
quency of the system, 

h.     Continuous Undulations 

All landings on continuous undulations were made with 
the point of initial touchdown at the start of a wave 
-- in other words, at the bottom of a trough.  It was 
alao assumed. In effect, that the undulation preceding 
the point of touchdown did not exist inasmuch as con- 
tact with this protuberance was ignored.  The first 
undulation did not produce as high a load as the max- 
imum from a single bump of the same shape because 
initial touchdown was not in the most critical 
location. 

Typical time histories of gear loads and wing bending 
moments are shown in Figures 53 through 39«  Figures 
33 and 34 are for continuous undulations 3 inches 
high and 27.4 inches long.  The comparable loads for 
a smooth field landing with the same sinking speed 
are shown by the dashed line.  Although the second 
and third undulations produce loads higher than the 
first, it can be seen that this occurs when the 
smooth field landing load is Increasing and that it 
is not a diverging phenomenon.  The loads experienced 
in passing over these undulations during landings at 
three sink speeds are illustrated in Figures 35 
through 37. 
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Similar data for undulations 137 inches long are 
shown in Figures 38 and 59.  This spacing corresponds 
approximately to the highest structural mode con- 
sidered (second wing bending).  The gear loads and 
wing moments are maximum at the first undulation. 
It will be noted that the maximum wing moment exceeds 
the maximum for the shorter undulation by approxi- 
mately 20 percent.  It is apparent again that maximum 
loads are obtained at a time when the energy of ini- 
tial impact is being absorbed.  No evidence of load 
reinforcement on the second and third undulations 
can be seen. 

Series of Discrete Bumps 

The point of touchdown for these landings was chosen 
so as to make the gear load from the first bump maxi- 
mum as was done with the single bump.  The second 
bump was spaced so as to supply load pulses at the 
natural frequencies of the structure. 

Typical time histories of gear and wing loads are 
shown in Figure hO.     It was found that in no case did 
the second bump gear load exceed that from the first, 
nor did a structural load from the second pulse 
exceed that from the first.  Thus, maximum loads and 
weight penalties for the series of bumps were identi- 
cal to those from the single discrete bumps. 

General Comment on the Multiple Bump Cases 

The lack of load reinforcement in both the continuous 
undulation and series of bump cases was quite unex- 
pected.  In retrospect, however, it now becomes 
obvious that the superposition of primary energy 
absorption with the bump effect must produce maximum 
loads in the early part of the load-time history. 
Undoubtedly substantial resonance would be introduced 
if the multiple bump cases were carried out over a 
longer distance; however, in the estimation of the 
author, this procedure would be rather unrealistic 
and unnecessarily conservative as a design criterion. 
It would appear prudent, nevertheless, to include a 
precautionary note to the effect that landings on 
terrain with many uniformly spaced bumps or undula- 
tions should be avoided. 
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7. Take-off and Taxi 

Figures 41 to 45 show critical loads for taxiing over 
discrete bumps spaced to coincide with natural fre- 
quencies of the airplane.  In this investigation it 
was assumed that the landing impact had taken place 
before the bump was encountered; hence, the shock 
strut and tire were in the static position and the 
wing lift was zero at the time the obstacles were 
encountered. Augmentation of the loads was noticed 
on the second and the third bumps, but it was not of 
great magnitude.  The loads were small compared to 
the maximum loads caused by impact landings on the 
same sized bumps.  Determination of the significance 
of these loads from the standpoint of fatigue would 
require a statistical knowledge of operations not 
currently available. 

8. Effects of Airplane Flexibility 

The effects of airplane flexibility were investigated 
for several cases by comparing the loads computed in 
the standard manner with those computed for a rigid 
airplane.  The latter loads were obtained by removing 
the modal data from the computing program.  A com- 
parison of the flexible versus rigid loads for two 
discrete bump cases Is shown In Figures hk  and 45. 
It will be noted that the gear loads are changed very 
little by airplane flexibility but that substantial 
dynamic effects are noted in the internal structural 
loads.  When the bump Is short, wing moments for the 
flexible airplane are less than those for the rigid 
airplane.  When the bump is long, wing moments for 
the flexible airplane are substantially higher than 
those for the rigid airplane.  Dynamic amplification 
up to 1.50 was measured on wing bending moments at 
the longer wave lengths. 
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WEIGHT INCREASES 

Weight Increases as a function of terrain roughness are pre- 
sented in Figures 46 to 56.  It is to be noted that all 
curves, except those which investigate bump location or spac- 
ing, present the weight increments for the worst landings on 
each type of terrain and for the worst combination of 
landings on a given terrain. Thus, for example, with the 
single bump landing, weights are given for landings in which 
the point of touchdown is most critical.  Also, the weights 
include that produced by high nose-gear loads plus that 
caused by high main-gear loads even though the critical loads 
may be experienced by different landings on the same terrain. 

The points at which these curves cross the abscissa are the 
terrain roughnesses at which modification to the OV-1 is 
necessary in order to prevent failure.  Table 12 summarizes 
this information.  The terrain designators of Reference 51 
are included as well as the numerical value of the terrain 
irregularity. The fourth matrix has not been utilized for 
the reasons stated on page 7- 

It will be noted that the terrain designators provided by 
Reference 51 are not ideally suited to the present application 
for the reason that in many cases the class designators cover 
too broad a range of terrain roughness.  For example, it is 
not possible to distinguish between 0 and 5 degrees of slope 
or between 0 and 5 inche? of undulation height although a 
large difference in aircraft loading occurs in these ranges. 
It would be more convenient in Matrix I if the class desig- 
nators corresponded to the slopes in degrees, and in Matrices 
II and III if the undulation or obstacle height were desig- 
nated in inches. 

The question arises as to whether the principle of super- 
position can be used In the application of these curves. 
There are two types of superposition that might be desired. 
First is the case where the terrain itself is additive, as, 
for example, when a bump is superimposed on a slope.  The 
second is where the airplane is required to operate from two 
different types of terrain at different times.  In the latter 
case, it is obvious that the two weight increments should not 
be additive because part of the weight provided for one ter- 
rain might well serve to supply part of the strength required 
for the other.  On the other hand, it is apparent that not 
all the weight supplied for one terrain would be useful in 
resisting loads encountered in the second.  Hence, for record 
purposes and for future reference, Table 11 was prepared. 
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This table shows each airplane Item affected by each type of 
terrain and the weight increment involved.  By using this 
table in the manner described in the accompanying explanatory 
note, the proper total weight for two or more terrains can be 
derived. 

When two terrains are actually superimposed as mentioned in 
the first case above, the addition of weights is more nearly 
correct.  Non-linearities of the dynamic system which would 
normally make superposition impossible are reduced by the 
fact that under the critical conditions the hydraulic flow 
through the metering orifice is essentially blocked by high 
strut velocities.  If two bumps are superimposed, the 
addition of weights is approximately correct only when the 
second bump is placed at the position on the first bump where 
maximum load occurs.  It is evident by examination of Figure 
27 that a small bump placed beyond the crest of a large bump 
will not produce an addition to the critical load.  Addi- 
tional work is needed to define more precisely the effects 
of superimposed terrains. 

THE EFFECT ON PERFORMANCE OF INCREASED STRUCTURAL WEIGHT 

Based on the performance methods described on pages ID to 
25, the effects of increased structural weight on radius, 
take-off and landing distance, and take-off and landing 
speeds are shown in Figures 57 and 58.  These structural 
weight increases cover the range of weight increases con- 
sidered in Figures ^6 to 56.  In order to describe completely 
the effects of the structural weight increases, two different 
conditions have necessarily been considered: 

1. Increasing the airplane take-off weight 
by the increase in structural weight. 

2. Holding the airplane take-off weight constant 
by decreasing the fuel weight in proportion 
to the structural weight. 

The effects on performance due to Condition 1 above are 
shown in Figure 57-  Reference to Figure 57 will show that 
there is only a slight decrease in radius due to the 
increased structural weight and that the take-off distance 
is increased as the structural weight increases. 
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Figure 58 summarizes the performance effects when the take- 
off weight is held constant by decreasing the fuel weight as 
structural weight is added.  In this case a significant loss 
in radius results, primarily due to changes in fuel quantity 
as the structural weight changes.  Since the take-off weight 
remains constant, there is no take-off distance penalty. 
It should also be noted in this latter case that, since the 
landing distance is always less than the take-off distance, 
the field length is established by the take-off character- 
istics of the aircraft. 

COMPARISON OF OV-1 AND VTOL PERFORMANCE 

In this study it has been assumed that the maximum structural 
weight penalty that should be considered for the OV-1 is 
that which would result in the radius of the OV-1 being equal 
to that of a VTOL aircraft having the same take-off weight 
as the OV-1.  Two take-off conditions have been imposed on 
the OV-1 under this assumption: 

1. The take-off weight is allowed to increase as the 
structural weight Increases, resulting in an 
increase in take-off distance. 

2. The take-off weight remains constant by decreasing 
the fuel weight as the structural weight is 
increased, resulting in a constant take-off 
distance. 

Pour terrain conditions have also been considered: 

1. Varying field lengthwise slope. 

2. Various length and height of continuous 
undulations. 

21 

Various sizes of discrete bumps. 

Various degrees of field bearing capacity or 
softness, as expressed by the rolling coeffi- 
cient of friction. 

In this analysis the rolling coefficient and runway slope 
are described by the runway parameter, P^Q  and Z?T, 

described on page 16.  It has been pointed out that it has 
not been possible to correlate these runway parameters with 
a specific type of soil description. 

33 



To compare the OV-1 and VTOL performance. Figure 59 has been 
prepared, which presents the radius of the OV-1 as a function 
of take-off weight and various structural weight penalties. 
The variation in take-off weight results from varying both 
the fuel weight and the structural weight penalties.  The 
cross-hatched line in the upper right-hand corner represents 
the OV-1 with full fuel.  Superimposed on Figure 59 is the 
variation in radius of the VTOL airplane with take-off 
weight. 

If the take-off weight of the OV-1 is allowed to increase 
as the structural weight is increased, assuming, therefore, 
no field length limitation, the intersection of the VTOL 
radius-take-off weight curve with the OV-1 full fuel radius- 
take-off weight curve indicates the take-off weight and 
radius which are equal for the two types of aircraft. 
Furthermore, the maximum structural weight penalty that can 
be imposed on the OV-1 is indicated.  This structural weight 
penalty amounts to approximately 1200 pounds.  Thus, the OV-1 
can operate from field for which the terrain roughness will 
require no more than 1200 pounds increase in structural 
weight before being Inferior in performance to the VTOL 
airplane. 

By definition, the take-off distance over a 50-foot obstacle 
establishes the runway length.  If the runway length and, 
hence, the take-off weight remain constant, then the point 
of equal OV-1 and VTOL take-off weight and radius must be 
determined for less than full fuel weights of the OV-1. 
In oraer to determine the points of equal VTOL and OV-1 
take-off weight and radius. Figure 60 has been prepared. 
The information in Figure 60 is obtained by: 

1. Assuming a given runway length and runway 
parameter and from Figure 10 reading the 
take-off weight. 

2. At this take-off weight from Figure 10, 
entering Figure 59 and, at the intersection 
of the VTOL radius take-off weight lines, 
reading the structural weight penalty 
of the CV-1. 

For example, for a total runway length of 2000 feet and a 
runway parameter of 0.1, the take-off weight from Figure 10 
Is 14,700 pounds.  For a take-off weight of 14,700 pounds 
in Figure 59, the intersection of the VTOL and 0V-1 take- 
off weight-radius curves occurs at a structural weight 
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penalty of 800 pounds for the OV-1. As noted previously, 
the field length is established by the OV-1 take-off distance 
requirements since the take-off distances exceed the landing 
distances. 

In order to correlate the structural weight penalties with 
the four terrain conditions considered. Figures 5l through 
67 have been prepared.  These figures are determined by 
associating the structural weight penalties shown in Figure 
DO for the various runway lengths and runway parameters with 
the structural weight penalties required to operate from 
the various types of terrain considered in Figures 46 through 
56.  Thus, Figure 6l shows the landing runway slope for which 
equal VT0L-0V-1 take-off weight and radius are obtained for 
various runway lengths and take-off runway parameters. 

Similarly, Figures 62 to 64 indicate the effects of undula- 
tion height and length.  Figures 65 and 66 indicate the 
effects of bump length and bump height, and Figure 67 shows 
the effect of rolling friction. 

To clarify the use and significance of Figures 6l through 67, 
illustrative examples are presented in the following para- 
graphs.  Since the take-off runway parameter is a major 
variable in these curves, the definition and physical signi- 
ficance of this item will be reviewed first. 

The take-off runway parameter, P r^r.»   is the average resist- 

ance to forward motion attributable to the runway during 
take-off, expressed as a fraction of airplane weight.  It la 
composed of two components, one resulting from the horizontal 
component of the aircraft weight which exists on sloping 
terrain and the other from rolling friction.  Mathematically, 

Ao =  sin0+ '^/\ 
where 0 is the general slope of the take-off runway.  The 
constant .45 accounts for the fact that during take-off 
part of the weight is supported by wing lift (see page 18). 
Values of Pmrs  from -0.1 to +0.^ are shown in the curves. 

A value of -0.1 could occur on a downhill take-off on a hard 
runway;  a value of +0.3 could occur with many combinations 
of rolling coefficient of friction and/or upward slope of 
the take-off runway. 
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To Illustrate the use of Figures 6l through 67, assume that 
one wishes to determine what landing area slope will require 
the addition of sufficient structural weight to the OV-1 
airplane that its performance (range) will be reduced to 
that of a VTOL airplane of equal weight.  The answer will 
depend on (a) the sinking speed which the airplane experi- 
ences during the landing and (b) the length, slope and hard- 
ness of the take-off runway.  Assume the following as 
separate examples: 

(a) (b) (c) 

Sinking Speed, fpa 12 12 17 

Take-off Runway Length, ft. 1500 1000 2000 

A-O .1 .1 0 

The answers  are obtained from Figure  6l as   shown below 1 

(b) { c) 

Vv: I2FPS 

1000 FT. 

Al T 1 1 1 
0 2 4 6 8        0 4 6 

Landing Arep Slope - Degrees 

56 



In example (a), the answer is 4.9 .  In example (b) the 
answer is that with this short take-off runway, the OV-1 
performance is inferior to the VTOL performance regardless 
of landing area slope.  Under assumption (c), the answer 
is that the slope could be 6.2°, but because of OV-1 fuel 
capacity limitations, the range of the OV-1 and the VTOL 
aircraft is the same when the landing area slope is 5-5°. 

The procedure for use of the other curves is identical to 
the above.  Figure 65, however, requires special comment. 
The structural weight required to prevent failure when land- 
ing on a bump of a given height bears an inverse relation- 
ship to length of bump (i.e., the shorter the bump, the 
greater the weight increment).  Hence, the intersection of 
the horizontal line corresponding to f rn^  with the curve in 

Figure 65 gives the length of bump below which the OV-1 per- 
formance is inferior to the VTOL airplane performance.  All 
other curves give values of terrain roughness above which 
the OV-1 performance becomes inferior to the VTOL airplane 
performance. 

It should be noted that the effects of the take-off runway 
parameter shown in Figure 6l through 67 do not include struc- 
tural weight penalties that may be associated with increased 
runway friction and slope during landing.  The additional 
loaü3 imposed on the aircraft during take-off due to 
increased runway slope and rolling coefficient of friction 
are negligible ana thus require no increase in structural 
weight.  However, for a field bearing capacity and slope 
described by the take-off runway parameters, significant 
structural weight penalties may be required to withstand 
loads Imposed by nigh rolling friction during impact or by 
landing on a positive slope.  Figures 6l and 67 show the 
values o:' runway slope and rolling coefficients, respectively, 
during landing which give equal CV-1 and VTOL performance. 
The slopes and rolling coefficients used to define these 
curves arc independent, of the values which are involved in 
the take-off parameter. 

In order to reduce the volume of figures that can be obtained, 
the data in Figures bl through 67 are shown for a sliding 
friction coefficient of 0.4 only, since the weight variation 
with siloing coefficient is relatively small.  However, 
should data be desired for other values of the sliding coef- 
ficient of friction, similar curves may be determined in 
the manner described above. 
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Table IjJ contains the terrain characteristics for equal OV-l/ 
VTOL performance for certain discrete points on the above 
curves. The corresponding terrain designators from Reference 
31 are Included. 

^8 



load pulses which occur in landing on undulations or 
series of discrete bumps will create additional fatigue 
damage which should be considered in new designs. 
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RECOMMENDATIONS 

The ultimate objectives of work in the area of rough-terrain 
loads are, first, to develop methods and obtain basic data 
which will permit the accurate prediction of aircraft loads 
by analytical means, second, to develop design criteria which 
may be used to establish initial conditions for the analytical 
computations and, third, to provide practical means for operat- 
ing personnel to determine whether a particular field falls 
within the permissible limits of roughness for the aircraft 
they are using.  With these objectives in mind and with the 
experience gained on the present project, the following recom- 
mendations are made: 

1. In order to establish the accuracy of the dynamic 
analysis used herein, it is recommended that a 
test program be initiated in which the loads on a 
landing gear can be measured during simulated 
rough-terrain landings. 

2. In order to permit the analytical study of landings 
on objects of small radius of curvature, it is 
recommended that load-deflection data be obtained 
for tirns bearing on this type obstacle.  In addition, 
it is recommended that the analytical methods be 
extended to permit the investigation of loads induced 
when a landing gear encounters an obstacle with radius 
smaller than the tire. 

3. It is recommended that analytical studies be made of 
the side loads induced when a bump is traversed 
obliquely. 

4. Statistical data on sinking speeds,approach speeds 
and airplane attitudes for airplanes operating in and 
out of unprepared fields should be obtained in order 
to provide fundamental information for the load cri- 
teria. 

5. Additional work is needed to provide the means of con- 
verting fundamental soil characteristics to the rolling 
resistance of tires traveling at high speed on soft 
soil. 

6. It is recommended that the terrain designation system 
'o modified to make it more suitable for aircraft 
operation.  Such modification would include the 
following; 
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APPENDIX I - EQUATIONS OP MOTION 

NOTATION 

Theory  Fortran Definition Units 

A 

[' 

P 

ai 

1J 
•   • • 

OC ex cx 

b 

B 

C 

c 

A 

AP 

Alpha 

Motion at axle parallel with 
strut of unsprung mass of rolling 
assembly, positive down. 

Distance from lower piston 
bearing to axle parallel to 
strut with strut fully extended. 

Gross orifice area w/o reduction 
for pin. 

Internal area of oleo piston 

In.,sec. 

in. 

in.2 

in.' 

Piston area based on i,  d.   of lower    In. 
bearing 

Metering pin area, in. 
function of strut stroke 

Slopes of line equation for pin 
diameter 

Aerodynamic damping coefficients  l/sec. 

Angular motion of rolling assembly RAD.,Sec. 

in. Intercepts of line equations for 
pin diameter 

Distance from upper to lower 
piston bearing parallel to strut, 
strut fully extended 

Coefficients of displacements 
in airplane equation of motion 

Tire deflection 

Damping coefficient perpendicu- 
lar to strut 

in. 

l/sec. 

in. 

lb.-sec,/in, 
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NOTATION (Cont'd) 

Theory  Fortran Definition Units 

'D 

'E 

'N 

A, A, A 

E,  A, A 

6 

D 

BD 

DO 

FA 

PP 

Coefficient of discharge 

Discharge coefficient for 
compression 

Discharge coefficient for 
extension 

Maximum allowable tire de- 
flection 

Coefficient of force from gear 

Motion at axle perpendicular 
to strut of unsprung mass of 
rolling assembly, positive aft 

Motion at axle in relative coor- 
dinates 

Distance from axle to gear attach 
point with strut fully extended 

Coefficient of oil damping 
force in oleo 

Coefficient of moment from gear 

Distance from axle to strut 5. 
normal to strut, positive for 
axle forward 

Vector column of constants 

Angle of strut with vertical, 
positive for strut forward of 
gear attach point 

Load on axle parallel to strut, 
positive down 

in. 

l/lb.secf 

in.,sec. 

In.,sec. 

in. 

lU/sec.2/ft? 

1/ft.lb.sec.2 

in. 

1/sec2 

Load on axle 
positive aft 

to strut. 

lb. 

lb, 
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NOTATION (Cont'd) 

Theory  Fortran Definition Units 

H 

Pi 

Hi| 

Kl 

K52'K35 

1* 2 

ii 

n 

lb. 

lb. 

lb. 

in/sec 

PH    Load on airplane from gear, 
J_ to reference plane, positive 
down 

Fl    Normal force on upper piston 
bearing, positive aft 

F2    Normal force on lower piston 
bearing, positive aft 

Gravitational constant 

Coefficient of moment from gear 

Coefficient of force from gear 

Mass moment of inertia of 
rolling assembly 

Strut influence coefficient, 
deflection fwd. due to force 
acting down parallel to strut 

K^ + S K-i-z is deflection aft due 
to force acting aft perpendicu- 
lar to strut 

Coefficients of gear force for 
horizontal accelerations 

Instantaneous skidding velocity   ft/sec. 

SR    Slip ratio 

Intercepts in lines for tire load 

lb.in.sec? 

irv/lb. 

in/lb., 1/lb. 

Slopes In lines for tire load 
vs. deflection 

Polytropic exponent for strut 
air load 

Subscript to denote initial con- 
ditions 

lb. 

Ib/in. 
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NOTATION (Cont'd) 

Theory  Fortran Definition Units 

Strut air load lb. 

Drag load in horizontal plane lb. 

Airload in olec with strut ex- lb. 
tended 

Bearing friction force on strut lb. 

Strut oil load lb. 

Force at axle (relative coordi- lb. 
nates) perpendicular to strut 
positive fwd. 

Tire load lb. 

Vertical ground reaction load lb. 

Coefficients of generalized ft. or in. 
displacement 

Airplane motion, generalized -, l/sec, 
coordinates , /aan2 

Mass density of hydraulic fluid lb.sec. /in. 

Radius of undeflected tire in. 

Instantaneous rolling radius in. 
of tire 

Coefficients of generalized 
acceleration 

Strut motion measured from full in.,sec. 
extension 

Maximum strut stroke in. 

Values of S associated with in. 
pin constants 
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PA PA 

PD PD 

PE PE 

PF PF 

po PO 

^ PP 

PT PT 

pv PV 

[P] 

Q, Q, 
•• 
Q A 

Po 

Ro 

R R 

[R ] 

s, s. 
• • 
s S 

3Q 

Si 



NOTATION (Cont'd) 

Theory  Fortran        Definition Units 

[s] Coefficients of Q in equation for 
airplane loads 

t Time sec. 

At Interval of numerical integration   sec. 

tp End of integration sec. 

jTHi | Generalized airplane coeffi-      in/lb.sec. 
cients of force at gear attach- 
ing point 

JTcXjJ Generalized coefficients of       1 lb/sec.2 

moments at gear attaching point 

yU Coefficients of friction identi- 
fied (numerically) by its 
subscript 

Bearing coefficients friction 
before strut moves - static 
friction 

Bearing coefficients after 
strut moves 

Ground coefficient 
sliding friction 

Ground coefficient 
rolling friction 

luj Arbitrary constants in equation 
for loads on airplane 

VE Air volume In oleo strut In. 
extended 

VL Forward velocity of airplane      In./sec. 

[V] Coefficients of generalized      In. or ft. 
velocities 
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NOTATION (Cont'd) 

Theory  Portran        Definition Units 

WTT Unsprung weight of gear lb. 

WM Airplane net weight supported        lb. 
by gear 

X       X    Horizontal coordinate of ground      in. 
contact point for rough terrain 
function 

X-i Arguments in table of terrain        in. 
roughness,  0 = i = 70° 

XA      XA   Axle coordinate, horizontal dis-     in. 
placement along terrain roughness 

XT,Xo/X-*,Xii     Coordinates used to define terrain   in. 

X0 Initial (starting value) of X        in. 

YB, YB, YB YB  Motion at top of strut in.sec. 

Z       Z    Vertical coordinate of ground        in. 
contact point for rough terrain 
function 

Z.      ZA   Axle displacement from touchdown,     in. 
positive down 

Z Initial (starting value) of Z        in. 

0 Ground slope Rad. 

TAN 6     TAN  Printed for instantaneous value 
of ground slope 

A,B,C,D Amplitudes of terrain roughness      in. 
entered in X-table, positive down 

M^     AM   Moment from gear, positive airplane  ft.lb, 
nose up 
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NOTATION (Cont'd) 

Theory  Fortran        Definition Units 

p Multiple of At at which printing 
of program output takes place 

VA Vertical accelerations 

PA Pitching acceleration 

SH Shear 

BM Bending moment 

TQ Torque 

AA Airplane angle of attack 

AV Airplane pitching velocity 

APA Airplane pitching acceleration 

VP Airplane vertical position 

W Airplane vertical velocity 

AVA Airplane vertical acceleration 

HA Airplane horizontal acceleration 

49 



EQUATIONS OF MOTION 

GEAR EQUATIONS 

A -Py sin « + PD cos <ti - P^ + Wy sin 0 | — 
.    Wu 

*a  a    -  Py cos  ^  -  PD Bi-n ^ + FA + WU co8  *    "^ 

B   FT^   jj  Q,i    cos  4>    Before the strut moves 

ö = yU?T   (R0  - §) 7 ^ 

P_L = [-Ä  - ^ PA]T[K52+SK5;] 

FA ^ PA + P0 + PP 

g 

Wu 

Fl = 

a + Py cos * + /,< Pv sin <t> - Wy cos 0 

Before the strut moves 

P^ (a-S)   - FA  (e-S) 

F + S 
Fg   =     ?']_  +   Px 

P     =1^^  F1     + /Ui  F2 S $-0,   Pp positive 

S < 0,   Pp negative 

yU. 1  =^1 Before   strut moves 

=/Ur} After strut moves 

YB   = Tiu\ % 

^     =     A - YB  sin  0 +   (^ - S) ^Tai^ I Qi 

-H.1 Q^     cos   4>  -  a 

PA =    (PE + 14.7A2) VT^Siü lk.rJk2 
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p0 a Do S Dr 
___Po(Al - Ap)5 

2[GD (A0 - Ap)]2 

Ap = | (ai S + bi)
2 

R0-R 

PT = ^ 1 + tni 

V  - 1 - (RQ - ■?) a + A C03 * 

VT 

// = JA«    Before splnup 

^/U n After spinup 

CV PT cos 0 +/U. PT sin Ö 

PD 'B " PT sln e +>^
P
T 

coa 0 

Criterion for strut motion FA ^ 
P
E 

+ ^P 

XA = X0 + Vrt - A cos o + a sin ♦ 

Z. = Z„ + A sin 4» + a cos * A   o 

X = xA -R sin 9 

1-cos 2ir 

2irk 

AO-Xl 
+ c 

w2-A1_| 

X-Xi 
TAN e = ^ _y  sin 2-w y „^  + C 

R  -  [(X-XA)
2 + (Z-ZA)2]1/2 

sin 0 = 

cos 0 = 

TAN 0 

(l+TAN2©)1^2 

1 

(1+TAN20)1/2 

SI 



AIRPLANE  EQUATIONS 

••    I    r Qi r L; U Qi B U Qi     + FHl|Ci|l  +  FH2|Ci-|2 

+ M„       Dj      + M^     D^      +     E 
ai a2 

FH = - P.   cos   *-?_,_ 3in  * 

M a 

Aij] 

B ij 

(5   - S)   Fx 

=     - ""T*MT  + T*A1T 
-                           - 

=3      am T*MT  + T*A1T 

= T*MT  + T*A1T 

BS T*MT + T^A^ 

=    - T*MT  + T*A1T 

1 (
_
T*A2T| 

T*A1T     ~      rT*KT + T*CT  + T^A^T 

-1 
a1 

WTT.    T*H.    +   WT V
UI   ^   H H2 

-  5TWTT     sin  *-,   T*,    -  50V7.,    sin  <P0 T 'l^U l\x  ai\      u2"Ur 

-[T*A2T]|^|t=0}       when| ^i 

21      Qtgl 

0 
t=o 

INTEGRATION EQUATIONS 

Prediotion XN+1 = XN + At^ + -5 At2xN 

XN+1 = XN + 1.5 AtxN - .5 AtxN-1 

Correction XN+1 = XN + At^ + .5 At?XN+1 

XN+1 = XN + .5 AtXNfl + -5 At^ 

where  X = a. A, a, Q 
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EQUATIONS FOR LOADS 

Acoelerations =  R1j  (L 

Shear, Bending Moment, 

Torque [3u]K + PH1l
Hll1 

+ FHe|
Hll2 

+ M^   |04I      + M^   IG^I     +  I uJ 

Displacement =■ rp±7\ 

Velocities - ^ijll^ 

Q. 

Q^ 

Horizontal Acceleration ^l\ +  k2
PD2) f 

WN 
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AERODYNAMIC LIFT AND MOMENT * 

The following formulas for lift, "P", and moment,"M", take into 
account the change In aerodynamic forces during landing and 
taxi.  It Is assumed that the air stream velocity is constant, 
and that the contribution to lift of circulation lag is 
negligible, 

P «=■ -pb2AX VTTU + frh - irba'ct - 27rpAXv2ba 

- 27rpAXvbh - 27rpAXvb2 (.5 - a) a 

o -Trp b2AXh - b5aAXa | -  irpv 1 b2Axaj 

-Trpv2 FbAXh + b2 (.5 - a) AXa | -irpv22 IbAXaJ 

M <= -pb2AX rV (.5 - a) vba + Trb2 (l/8 + a2) a - aubhj 

+ 2pAXvb27r (a + .5) j va + h + b (.5 - a) a 

-ab-^Axh + b  (.125 + a ) AZa 

-TrpJb5 (.5 - a) AXa 

-Trp 

-Trpv2 -b2 (a + .5) AXh + b5 (a2 - .25) AXaJ 

7rpv^2  -b^ (a + .5) AXa 

The aerodynamic coefficients occurring in the equations of 
motion are A^, Ag, A-». In the form given below, these co- 
efficients are equivalent to those shown above. 

Coefficient of h, a 
r 

~  I A 1 

Coefficient of h, a 

=  -  irp 

-irpv     Pg     -Trpvd;^     H^ 

Coefficient  of  a 

A- ^A3J     =   -7rpv2d1     H2J 

* Notation in this section is that of Theodorsen (Reference 1)2) 
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Where 

Hn 

_H2] 

TAXb AXb2   (.5  -  a) 
[^.AXb2   (.5 + a) AXb5  (-,25 + a2). ] 

rAXb2 

L:AXb5a 

AXb 
AXb2 (.5 + a)j 

AXb2        -n 

AXb5 (.5 - a)_| 

- AXb^a -i 

AXb^ (.125 + a2)l 

d]^ is the slope of the lift curve over IT.  In Theodorsen's 
expressions d^ = 27r/Tr = 2,  which is inflnte aspect ratio. 
For the general case in which dCL/da is experimentally deter- 
mined, d-^ == dCL/da/7r._ The_generalized coefficients are 
T*A1T T*A2T T*A5T 

LOADS ON THE AIRPLANE STRUCTURE 

The airplane may be fully represented in the generalized coor- 
dinate system.  A maximum of eighteen generalized coordinates, 
Q, may be used.  In the sectional coordinate system, X, the 
airplane is divided into as many mass bays as desired.  Each 
bay may have six degrees of freedom:  translation along or 
rotation about three axes.  The transformation from generalized 
to sectional coordinates is given by x = (^TJQ where [^T] Is a 
modal transform matrix. ,In..the landing Impact analysis the 
generalized vectors, Q, Q, Q, are available at all times. 

Through the use of the modal transform matrix, the sectional 
displacements, velocities, and accelerations at all points on 
the airplane structure are available for computing loads. 
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OUTPUT OP COMPUTER PROGRAM 

The following were printed for each of two gears at time 
intervals of .002 sec. or less: 

P. Strut air load lb. 

? Strut oil load lb. o 

Pp Strut friction force lb. 

P« Axle load ll strut lb. 

Fx <= FP Axle load X.  strut lb. 

P^ = PP Axle load x strut in relative coordinates lb. 

F-, Aft normal force on upper bearing lb. 

Fo Forward normal force on lower bearing lb. 

PT Tire load lb. 

P Vertical ground load lb. 

PD        Horizontal drag load lb. 

FH Gear face on airplane lb. 

My = AM Gear pitching moment on airplane ft.-lb. 

p 
Ap        Area of metering pin in. 

2 /  ? Oil force damping coefficient lb.sec. /in. 

VVL^SR   Slip ratio 

X^, Zj    Coordinates of axle in. 

X, Z      Coordinates of ground contact point in. 

TAN 0     Slope of terrain at ground contact point 

C         Tire deflection in. 

R        Rolling radius of ground contact point in. 

D0 
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OUTPUT OP COMPUTER PROGRAM (Cont'd) 

yUft S  = GRMU ground coefficients of friction 

a, a, s Strut motion in strut direction in.,sec. 

a, a, a Axle motion in strut direction in.,sec. 

A, A, A Axle motion -i- strut in.,sec. 

A, A, S Axle motionJ strut in relative coordinate in.,sec. 

*YB,YB,YB Motion at top of strut in.,sec. 

c< ,oC,oc Angular motion of rolling assembly Rad.,sec. 
o 

VA Vertical acceleration at 10 stations in/sec 
o 

PA Pitching acceleration at k  stations Rad/sec 

SH Shear at 7 stations lb. 

BM Bending moment at 7 stations in.-lb. 

TQ Torcjue at 3 stations in.-lb. 

AA Airplane pitch angle Rad, 

AV Airplane pitching velocity Rad/sec. 

APA       Airplane Pitching acceleration Rad/sec, 

VP       Vertical position of airplane C.G, in. 

VV       Vertical velocity of airplane C.G. in./sec. 

o 

AVA       Vertical acceleration of C.G. in./sec. 

HA        Horizontal acceleration of C.G. g's 

*  These quantities are not computed before the strut moves 
They are printed as zero. 

57 



OUTPUT OP COMPUTER PROGRAM (Cont'd) 

The following data are general: 

t        Time sec, 

Q, Q, Q   Airplane response vectors 
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APPENDIX II 

DESIGN CRITERIA FOR ROUGH TERRAIN LANDINGS 

DISCUSSION 

The requirements of Reference 40 represent an accumulation of 
experience with landing loads which has been developed over 
many years.  Army aircraft, whose mission requires operation 
in and out of unprepared fields, should be designed for the 
requirements of Reference 40 and for the special conditions 
proposed herein. 

Paragraph 3.2,1 of Reference hO  permits the use of analysis 
methods contained in Section h  of the specification.  These 
methods are simplifications or approximations of a dynamic 
analysis which are, perhaps. Justified on the basis of long 
experience with and extensive analysis of airplanes which 
land on normal runways.  Since the equivalent amount of back- 
ground is not available for airplanes which are intended to 
land on rough terrain, and because the dynamic phenomena 
associated with such an operation are so complex, similar 
approximations in the determination of rough-terrain loads 
are not warranted.  For these reasons, the proposed criteria 
require a complete dynamic analysis similar to that described 
in the body of this report.  This recommendation is made with 
the full realization that initial calculations on a new air- 
plane will still be a gross approximation because of the lack 
of accurate input data.  However, the intent is that such 
initial calculations should be refined as the design pro- 
gresses until a reasonably accurate solution is obtained. 
In this manner, an understanding of the dynamic phenomena 
will be evolved which will permit the development of approxi- 
mate methods for preliminary designs on subsequent aircraft. 

One of the primary parameters necessary for the design cri- 
teria is the airplane sinking speed.  Ideally, the value 
chosen should be based on a statistical analysis of a large 
amount of flight test data from landings made on unprepared 
runways by typical Army aircraft.  Since such data are lacking, 
the value chosen is based on the values provided in Table I 
of Reference 40 and corresponds to that of the USAP primary 
and basic trainers.  The decision is somewhat arbitrary but 
is based on the assumption that a larger value than that of 
the typical Air Force airplane should be used because the 
unprepared fields may also be short fields.  Short field 
landings will require unusual pilot techniques which include 
higher sinking speeds. 
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The factor of probability has always entered into design cri- 
teria and especially into landing loads criteria.  A certain 
amount of attrition is expected and permissible on the basis 
that all airplanes should not be penalized by the weight 
necessary to provide strength for extreme conditions.  The 
proposed criteria attempt to account for probability to the 
extent that engineering judgment is used to eliminate improb- 
able combinations of loading conditions.  Thus, sinking 
speeds higher than 13 feet per second may be expected on the 
basis of Navy experience with carrier landings.  The proposed 
criteria combine the IJ-feet-per-second sinking speed with 
slopes which effectively give the airplane strength for smooth 
field landings of 23 feet per second.  However, strength is 
not required for extremely high sinking speeds combined with 
high slopes, nor for maximum slopes combined with maximum 
bumps.  Also, the number of successive undulations is limited 
to two on the assumption that natural undulations will not 
normally be uniformly spaced. 

on The magnitude of the terrain roughness is based in general 
the analysis provided in the present report and corresponds 
to those roughnesses which cause the performance of the STOL 
aircraft to become eo.ual to that of the comparable VTOL air- 
craft.  It is believed, however, that a gear designed espe- 
cially for the alleviation of bump loads will provide streni^h 
for roughness with substantially less weight than computed 
herein.  Hence, the bump height criterion has been increased 
approximately 30 percent.  Inasmuch as the numerical values 
of terrain roughness have been established by a study of a 
specific airplane, the criteria should not be applied to 
vehicles of substantially different size or configuration 
without additional investigation. 

The proposed criteria are written so that they may be intro- 
duced into MIL-8860 series of specifications in a manner 
similar to the special requirements for carrier-based aircraft 
(Reference 41). 

PROPOSED CRITERIA 

Airplane Strength and Rigidity 

Additional Loads for Rough Terrain Landings 
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The paragraphs shall read the same as those in MIL-A-8862 
except as follows: 

1.  Scope 

1.1 This specification defines the strength and rigi- 
dity requirements for aircraft whose mission 
requires operation in and out of unprepared land- 
ing areas.  The ground load requirements specified 
in MIL-A-8862 shall also apply. 

5.  Requirements 

3.2.1 A dynamic landing loads analysis shall be 
performed which considers the operational charac- 
teristics of the gear and the elastic properties 
of the gear and airplane structure.  The analysis 
shall provide ground loads and structural loads 
as a function of time for the initial conditions 
specified herein.  The method and scope of the 
analysis shall be subject to approval of the 
Procuring Agency. 

3.2.2 Not applicable. 

3.2.7 Design Sinking Speed Requirements - A basic 
design sinking speed of 13 feet per second shall 
apply in conjunction with the landplane landing 
design gross weight. 

3.2.8a  Symmetrical Landings - The airplane shall 
land at the design sinking speed in the attitudes 
specified in Table II of MIL-A-8862 on terrain 
whose surfaces are defined by the following table: 
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TABLE I 

Type of 
Terrain 

Numerical 
Description Remarks 

Slopes In 
direction of 
aircraft motion 

Soft earth 

Bumps 

4° from horizontal 
datum plane 

Coefficient of rolling 
friction = .2 to 1.0. 
Coefficient of sliding 
friction = .2 to .6. 

Lateral slope ■= 0 

Number 
Shape 
Height 
Length 
Spacing 

= 2 (identical) Oriented 90° with 
l-coslne 
5 inches 
all critical 
length 

respect to aircraft 
motion.  Point of 
touchdown relative 
to bump = most 
critical 

Prior to ground contact, the airplane shall be in 
a steady state condition, i.e., all accelerations 
shall be equal to zero. Wing lift shall be equal 
to 1.0 W. 

3.2.8b Unsymmetrical Landings - The airplane shall 
land on the terrain specified in paragraph 3.2.8a 
at the following combinations of initial sinking 
speed and roll angle: 

Vv * 

fps LEG. 

11.5 5 

6.5 7-5 

62 



The pitch attitudes shall be the highest and the 
lowest used in paragraph 3.2.8a.  In the dynamic 
analysis, a three-gear analysis is preferred, but 
it shall be permissible to compute only loads for 
the first and second gears to contact the ground 
and to disregard the loads from the third gear. 

3.2.9 Side Loads - Side loads shall be determined 
by a dynamic analysis in which the bumps described 
in Table I are oriented at 30, ^5 and 60 degrees 
with the direction of airplane motion, or alter- 
nately, side loads in either direction equal to 
0.4 times the maximum vertical load obtained from 
paragraph 3.2.8a shall be assumed to act at the 
rim of the wheel throughout the time of impact. 
In the latter method, the gear and structure loads 
from the side load at the ground shall be deter- 
mined using rigid body assumptions. 

3.3.^ Taxiing - The airplane shall traverse the 
terrain described in Table I at all speeds up to 
the landing speed.  Prior to encountering this 
terrain, the airplane load factor shall be 1.0 
and the tires and gear shall be in the static 
positions. 

3.5.I Rebound - The rebound load shall be either 
that specified in paragraph 3.5.1 of MIL-A-8862 
or the load computed from the instantaneous re- 
lease of the maximum gear load obtained from 
section 3.2.8a above, whichever is greater. 
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TABLE 1 

OV-1 AIRPLANE - GENERAL DATA 

Wing Span, ft. 42.0 

Overall Length, ft. 41.0 

Tail Height, ft. 12.7 
Wing Area, sq. ft. 530 

Airfoil NACA 2412 

Horizontal Surface Area, sq. ft.                85 

Power Plant  - 2 Lycoming T-53-L3 Turbo-Prop 

TABLE 2 

VTOL AIRPLANE SIZE VARIATION 

Take-Off Weight, lb. 

Wing Span, ft. 

Effective Span, ft. 

Overall Length, ft. 

Tail Height, ft. 

Wing Area, sq. ft. 

Propeller Diameter, ft. 

Total f, sq. ft. 

Airfoil 

Root 

Tip 

Power Plant 

10,000 12,000 14,000 16,000 

5.4 7.1 9.0 11.0 

24.0 26.5 29.2 32.1 

4? 43 43 43 

19.0 19.0 19.0 19.0 

111 135 164 198 

5.4 7.1 9.0 11.0 

5.9 6.2 6.5 6.9 

NASA 63-221 

NASA 63-218 

2 Lycoming LTC4B-8 Shaft Turbines 
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TASUt !( 

VTOL AIHFIAXE WEIGHT 8(M4AKY 

Oroas Weight     (U>) 1 10,000 12,000 14,000 16,000  1 

Wt   Tot 1 Wt    Tot 1 Wt    Tot | Wt   Tot 

I         Btruoturo            | 2983 3292 3594 3991 I 
|     Vlng Group 891 Mt6 611 875 

Tall Group 275 306 342 i 381 
Body Group         | 127Ö 13Vf 1395 1436 

1     Alighting Oaar-Maln 231* 276 317 358 
-HOB«   1 70 82 | 9k   ! 106 

1     Surfaoo Control«     j 729 729 729 729 
|     Engln« Saotlon 106 106 106 106 

Propulalon           1 31ß7 3605 4035 4532 
|     Engln« ui*o mo nko 1140 
!     Accessory dear Boxaa 9Ö3 983 983 983 
i     Air Induction System ko ko ko 40 

Exhaust System 60 60 60 60 
Lubricating System 20 20 20 20 
Fuel System & 192 302 399 

|     Engine Controls 30 30 30 30 
|      Starting System 100 100 100 100 1 
j     Propeller Installation 760 IQkO 1360 1760 

i    Equipment 1931 1931 1931 1931 
Instrumenta 1^5 11*5 145 145 

|     Hydraulics 130 130 130 130 
Electrical 551 551 551 551 

I     Electronics 395 395 395 395 
1     Armaiaent 197 | 197 197 197 

Furnishings-Personnel 73 73 73 1  73 
|               -Miso Equip 66 66 66 66 

•Cockpit & Cabin 1  120 120 ! 120 i 120 
\                                    -Elmerg«noy \      68 68 68 68 
;     Air Conditioning 1 ho 1*0 ! 4o !  40 
i     Anti-Icing 50 50 I 50 50 
I             Photographio 89 69 89 !   69 

Auxiliary Gear-Handling 1  1 7 i   7 i    7 

j    Weight Empty 6101 6826 9560 10,454 

Useful Load lß99 3172 4440 5546 i 
1     Crew koo koo 4oo 400 
|     Fuel SS 2205 3460 4555 
i     Oil 28 28 26 

Trapped Fuel b OH £3 38 51 1   62 
\              Armament 32it 321» 324 1 324 
|     Mlsc Equipment 177 177 177 1 ^7 
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TABLE k 

TERRAIN DESIGNATORS FOR MATRIX  I 

MATHIX 1 - T11K  LANDING  AREA 

ARKA UKNCT1I                                   j WIDTH  SLOPK                           j LKNCTH SLOPF.              | 

(lit  »ml   3ml   Din U« - M«lrU 1)                      | (Srrt  nun  -  Matrix  1)                          \ (4th Ollil - Matrix 1)         J 

Clasa             ! AcLutil  LenKth               \ Cloao            j Width Slop« Claaa Length   Slope   1 

i              D«»lgnalo Avullabl«  (feat) Deslijnatür (Degreea) Daaigna or (Degree«)    1 

00 >  -   10000                i 0               1 0-3 0 0-3 
01 8000   -   10000                ! 1 a - 4 1 a - « 

i                       03 B50p   -     8000 3 4-6 a 4-6          I 
03 8000   -     6500 3 e - g 3 6-9          I 

1                       04 4000   -     6000 4 •9  -   13 4 9-13        1 
05 S000   -     4000 5 13 -   16 6 13-16        1 

i                       06 2600   -     3000 6 15-20 6 16-30 
i                       07 3000   -     3500 7 30 - 30 7 ao - so     i 
|                       08 1500   -     3000 8 SO -  46 8 SO - 46 

0« 1000   -     1500 SI >-  46 a >- 46 
1                        10 S00   -      1000 

11 800   -       BOO 

la 700   -        800 

I             " 600   -        700 

\             '* 600 -     eoo 

i             " 400 —        tOO' 

i             m SUO   -        400« 

\                       17 300   -        300« 

i                        18 j        loo -     aoo' 

1                        19 |              50   -        lOO" 

Not« —  Th«  P»r»m«ter Caiegurl««  art read; 

Prom and  kncludlnH lh«  flhortar  Isnglh  and  up to  bui 

not.  Including  tha   longer  length  or greater  »lope. 

Ihesa dltnanalona  may b« oonaldarad aa araa dlametara unleaa 

a width limitation i« Indicated. 



TABLE  5 

TERRAIN DESIGNATORS FOR MATRIX  II 

MATRIX II - THP SURFACE CONFIGURATION 

UNDULATION HEIGHT 

(l»t Digit - Matrix II) 

UNDULATION SLOPE 

(and Digit - Matrix II) 
UNDULATION SPACING            1 

(8rd Digit - Matrix II) 

i       Claaa 
Daalgnaloi 

Halght 
(Inohaa or faat 

aa Indioatad) 

Claaa 
Designator 

Slopa 
(Degraaa) 

Conlar-iO'Csntar 
Diatanca*                           1 

f           0 < i" 
j" _ «" 

•" - ia" 
u» - 18" 
is- - a«" 
a' -  5' 
»'   - 10' 

10'  - 36' 

31' -  60' 

i0< -   100' 

0 0 -    a 
a -    4 
4 -     « 

8-10 

10 -   1» 

it - ao 
ao - ao 
80 -  46 

46 - 80 

80 - 80 

•San Tabla 8 for oantar-to-        j 

center dlatanoe vaiuaa and 

ciasa deaignatur 

Not» — Thft p*ffftm«t«r oalsgorlea «ra readl 

From and Including tha laaaar, and 

up to, but not Inoluding tha grtatar, 
halght or alopa. 

Daaorlptlva Bubaorlpt  Lagand 

C ■- Smalt Straam or Craak 

D  —  Dltoh or  Kmbankmam  (oultural  rathar than natural formation«) 

E —  Eroalon Oulliaa (natural rathar than oultural (ormatlona) 

H  — Holaa (Irraapaotlva of how  formad) 
U - Mound« 

P - Plowad, tlllad or ofcltivatad furrow« 

R - Road« 
S   — Band Dunaa ot Sand Rlppla« 

W -  Undulatlona parallal to width 

L — Undulatlona parallal to langth 
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TABLE 6 

TERRAIN  DESIGNATORS FOR MATRIX  III 

MATRIX III - THE SURFACE  ROUGHNESS (OBSTACLES) 

ObitaoU llelghl Obstacle Spaoing                                       I 

C lot Digit    -    Matrix III) (8nd Digit   -    Matrl» III) 

Edge to Edge 
Class Height Class Distance 

Designator (Inches or Feet as Indloatod) Designator (Inches or Feet as Indicated) 

0 

1 

<   S" 

a" - 6" 
>    1000' 

400'   -   1000'                        ! 

a 5" -   7" 100'   - 600'                           j 

a 7" _   9" SO'   -   100' 

4 »" -    13" 35'   -  50' 

5 13» -    18" 10'   - 36' 

6 18" -   38" 8'   -   10'                             1 

7 8' -   6' 1'   - 8' 

1                  S 8' -    10' 6"  -  13"                             1 

i                  ' >   10' <e" 
(Very dense) 

Not«  —  The   Parameter  oaienortea  are  read:    From  and   Including the   flret number. 

to but not Inoludlnti  the aaoond number Ihatuhta and apacinfta), 

DeacrlptWa Subacrlpt Legend 

B   -  Buahea G  -   Graaaaa 

C  - Cultivated Cropa T -  Treea 

D — Tree Stumpa H —  Hadgea 

F  — Fenoo 
M   -  Tranalant  man-made obatruotlone  (Haystacka,   etc.) 

P  —   Permanent man-made  obatructlona  (Building,   Power   Line»,   etc.) 
R   —  Rocka  (Imbedded  aa   oppoaad  to  looee) 

S — Stonea (Louaa aurfaca rocka) 

7 5 



TABLE 7 

TERRAIN  DESIGNATORS  FOR MATRIX   IV 

MATRIX IV - SOIL DESCRIPTION  AND BEARING CAPACITY 

SOIL  BEAR1NQ CAPACITY 

(1st and  Und  Digit«   -  Matrix  IV) 

SOIL CLASSIFICATION 

(Srd   and   ith Digits - Matrix IV) 

Class 

Dsalgnator 

00 

01 

03 

oa 

04 

ot 

08 

07 

08 

oa 

13 

18 

C.llloml» 
Bsarlng Ratio 

>   UO 

It       -  30 

13       - I« 

10      -   13 

9       -   10 

8-9 

»  » -     8 

l.i  -     t.i 

«9  -     t.t 

It  -     4.6 

3.0 -   a.i 

1.6  - 3.0 

1.0 - 1.6 

0.6  - 1.0 

< 0.6 

Class 
Dss Ignator 

00 

01 

03 

03 

04 

06 

06 

07 

08 

OH 

10 

It 

14 

Soil Daaorlptlon and Group Symbol 
(Unldsd Soil Classl(loatlon) 

(GW) Group -' Gravsl - Sand 
Mlxturss  - Wall Graded 

(GP) Groap - Gravsl - Sand 
Mixtures  -  Poorly Graded 

(CM) Group - But, Sand, Gravsl 
Mixtures 

(GC) Group — Clsysy Gravels 

(SW) Group - Well Graded Ssnds 

(SP) Group -  Poorly Graded Sands 

(3M)  Group   —  Sllty Sands 

(SC) Group — Clayey Sanda 

(ML) Group  —  Inorganic  Mite 

(CD Group   —  Inorganic  Clays 

(Ol.) Group - Organlo Silts 

(Mil)  Group   —  *norganlo   fa^luellu 
Silts 

(CM)  Uroup  —  Inorganlo   Clays  — 
High  Plasticity 

(OH) Group   — Organic  Clay  and 
Silt - High  Plasticity 

(Pt) Group  -   Peal  and   Highly 
Organic  Sells 
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TABLE 8 

AIRPLANE CONCENTRATED MASSES AND THEIR LOCATIONS 

MASS 

NUMBER 
STRUCTURAL ELEMENT   | 

MASS j 
Lb.Sec%^J 

LOCATION 

FUSELAGE 
STATION 

WING   1 
STATION 

1 Wing         j .262 | 171 237    1 
2 Wing         j .625 172 185    j 

3 Wing .162 175 136 

L    5 

|  6 

Wing .575 169   | 107    ! 

Wing .^35 176   1 70    1 

8 Wing .303 177 40    | 

1   * Engine and Prop 2.860 128 109    | 

\        7 Main Landing Gear Al6 I85 55    | 

9 Nose Landing Gear .090 ^5 0    1 

1 io Fuselage 2.363 56 0 

1 11 Fuselage .805 114 0     j 

13 Fuselage 2.063 173 0 

1  ^ Fuselage .613 228 0   ! 

15 Fuselage j  .38^ 285 0 

1  l6 Fuselage .181 i  332 0   1 
1  17 j      Fuselage .056 37^ 0   ^ 

\     ia 
1      Fuselage 1  .601 446 1  0   1 

1  12 
!    Fuselage Fuel j  .868 j  163 1  0   1 

|  20 j       Rocket .385 1  159 213   j 

1  21 j       Rocket 1  .385 1  159 237 

j  19 i     Wing Tanks |  •^2 j  173 1 185 ' 

Wotesi Mass given for one-half of airplane. 
Unsprung mass of landing gears not included, 
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TABLE 9   COMPUTED CONDITIONS 

♦ Denotes Nose Down Landing 
A Denotes Tall Down Landing 

All Dimensions In Inches 

1.  Category A - Varying Slope, 6 

Slope 
Ö 

Vv - 17 Ft/Sec Vv = 12 Ft/Sec Vv - 8 Ft/Sec 

Sliding Coefficient of Friction yCi^             1 

.2   .4  .55 .2   A       .55 .2   .4   .55  1 

0 
2 

\     ^ 

i 6 
8 

|io 

*    »  »A 
*A   ♦   *A 
♦A    «   *A 
«A    »   »A 

♦A   »A   »A 
*A   ♦A   *A 
•A   »A   »A 

»A   »A   «A 

♦A   *A   *A 
♦A   *A   «A   I 

Category J - Variable Rolling Coefficient of Friction 

l/^R Vv - 17 Ft/Sec Vv = 12 Ft/Sec Vv - 8 Ft/Sec  | 

.05 ♦A 

.1 ♦A 

.2 ♦A 

.4 *A 

• 5 ♦A *A 

• 7 ♦A ♦A *A        | 

.9 ♦A •A *A        j 
1.1 !     »A ♦A 
|l.3 *A »A        j 

Note:  For a discussion of the various categories 
refer to Page 15. 
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TABLE 9     (Cont'd)     COMPUTED CONDITIONS 

5.  Category C - Continuous Undulations 

Undulation Leneth, L              ~1 
Heignc 
ZMAX  ] 

13.7        27-4        45.67 137     1 
Slidj .ng Coefficient of Friction             | 

Vv - 17 •2 .4 .55 .2  .4  .55 .2  .4  .55 •2  .4 .55 

j  -5 ♦A *A 

1.0 ♦A *A ♦A  *A  *A 
1-5  1 #A  »A  »A 
2   ^ 

»A  *A  »A 

1 3   i *A  »A  *A *A  »A  »A 

1 k        ] ♦A  *A  *A »A  «A  »A j 

\  4-5 ♦A  *A  *A 
i 6 *A  *A  *A ♦A 
! 8 ♦A  *A  *A I 

|vv = 12 

! 5 ♦A  *A 
4 *A  »A 

4'5 
*A  *A 

1  5 ♦A  *A 

1  6 ♦A  »A ♦A  *A  ♦A 

:  7 ♦A  *A 

i 9 • 
*A  »A  »A j 

Vv = 8 

5 ♦A  «A 
4 *A  *A 

! M »A  »A 

1 H.6 *A  »A 
! 5 ♦A  *A 

5-5 ♦A  *A 

i 6 ♦A  »A *A  »A     i 

7 ♦A  »A 

9 1 ♦A  *A     j 
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TABLE  9   (Cont'd)       COMPUTED CONDITIONS 

k.     Category B - Single Bumps 

...   

Bump   1 
Length,L  [ 

Bump Height, Z MAX 
I 

1.5 5.0 5-75 5.0 7.5 

|  13'7 ♦A 
1 

27.4 ♦A 

54.25 *A ♦A 

45.7 *A •A 

68.5 *A ♦ ♦A 

157 ♦A • * 

220 *A 

; 560 ♦A 



TABLE 9  (Cont'd)  COMPUTED CONDITIONS 

5.  Category B-4, Series of Discrete Burapa 

Nose Down Attitude 

Spacing   68.5   90.6   126   189.5  220.7  242.6 

6.  Take-off and Taxi Conditions 

Bumps Spaced to Excite Structural Modes 

y^t  = .03, Nose Down (3 Pt) Attitude 

Bump Height = 2   Bump Length =27-4 

Velocity VA = 84.5 Knots = 1710 In. Per Sec. 

Total No. of Bumps 

5 

5 

4 

4 

3 

pacing Load 
Pe 

Frequency 
r Second 

68.5 25 

90.6 

126 

18.9 

13.6 

189.5 9.02 

220.7 7-75 

242.6 7.05 
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TABLE 10 

VTOL AIRPLANE PERFORMANCE SUMMARY 

Take-off Weight (lb) 10,000 12,000 11,000 16,000 

Total Fuel (lb) 9^5 2205 5^60 4555 

Take-off Distance (ft) VTO VTO VTO VTO 

Radius at Sea Level (n. ml.) 

2-Engines, 250 kts 52 165 270 550 

Maximum Speed at Sea Level(kts) 

Normal Power 420 410 400 390 

Military Power 455 440 450 415 
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Figure OV-1 Mohawk Airplane General 
Configuration. 
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l_3'2-33ii-!5S-2_5Q_a 

MATRIX   I DESIGNATOR 
THE   LANDING   AREA 

iPARAMETtH  CLASS DESIGNATORS) 
ACTUAL  LENGTH     

WIDTH  SLOPE 

LENGTH   SLOPE 

MATRIX  II  DESIGNATOR. 

THE  TERRAIN  CONFIGURATION 

(PARAMETER CLASS DESIGNATORS) 

UNDULATION  HEIGHT    

CENTER-TO-CENTER  DISTANCE 

UNDULATION  SLOPE  

MATRIX IV  DESIGNATOR 
SOIL DESCRIPTION   AND 

BEARING  CAPACITY 

(PARAMETER  C1_ASS DESIGNATORS) 

- UNIFIED SOIL   CLASSI FICATION 

- CALIFORNIA  BEAR ING RATIO 

MATRIX   III   DESIGNATOR 

THE   SURFACE ROUGHNESS 

(PARAMETER CLASS DESIGNATORS) 

      OBSTACLE  TYPE 

      EDGE-TO-EDGE  DISTANCE 

      OBSTACLE   HEIGHT 

Reference Tables 4 through 7, 

Figure 5.  The Terrain Designation System, 
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HORIZONTAL   REF. PLANE 

(a)     CONSTANT   SLOPE 

NORMAL   FORCE 

-f-      )|      ROLLING   OR   SLIDING   FRICTION 

(b)     SOFT   EARTH 

Z= A    1-004 2^ 
(    X      X START ) 

V^ FIN   ^ START) 

XSTARTH 
A FIN | 

(C)   SINGLE    BUMP 

Z= A 

(d.)     CONTINUOUS     IDENTICAL    UNDULATIONS 

Z = A l-coa 2V 
1 ^Fm-^ START ) 

SPACI NG 

(e)   SERIES  OF DISCRETE   BUMPS 

Figure 7-  Types of Rough Terrain Considered, 
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CALCULATED TEST 

KIPS 

30 

20 

10 

ATTITUDE (FUSELAGE) 
WEIGHT   LB. 
Vv   , fPS. 
VA  . KNOTS 
STRUT   PRESSURE , ps.l. 
TiRE   PRESSURE ,   ps.l, 

4° 12' 
11,771 

17 
84.5 
98 

90 

4° 15' 
10,715 

18 
80.6 
100 

90 

1                  _•**- 

.   TALCULATFD        1 

 TEST (L.H.GEAR) 

i 

v 

' D 

KIPS 

20 

10 

0 

-10 

-20 

1         o "SV ^^■^^ ,->» 
- '^-^'^ ^ S?^ Vs ^y~^^                i 

^ 

^z.—V 
^^ /V V                                      1 s 

STROKE 
I 

INCHES 

TIME-SECONDS 

Figure   8.     Comparison  of  Analytical  Results  with 
Airplane   Drop  Tests.     Main  Gear. 



CALCULATED TEST 

ATTITUDE   (FUSELAGE) 
WEIGHT, LB. 
Vv   ,   f.ps. 

VA  ,    KNOTS 
STRUT  PRESSURE , p.s.f. 

Tl RE    PRESSURE  ,  P.s.l. 

4° 12' 
11,7 71 

17 
84.5 
47 
47 

4° 15 
10,715 

18 

80.6 
45 

65 

KIPS 

-20 

STROKE 

-INCHES 

0 .05 ,10 

TIME-SECONDS 

Figure 9.  Comparison of Analytical Results with 
Airplane Drop Tests.  Nose Gear. 
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2800 

2400 

2000 

TAKE-OFF 
DISTANCE 
- FEET 

1600 

1200 

800 

400 
13 14 15 

GROSS WEIGHT- 1000 LB. 

Figure 10.  0V-1 Total Take-Off Distance Versus Gross Weight 
and Take-Off Runway Parameter. 
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100 

90 

80 

TAKE-OFF 
SPEED 

~KNOTS 

70 

60 

50 
13 14 15 16 

GROSS WEIGHT-1000 LB. 

Figure   11.     OV-1  Take-Off  Speed  Vs.   Gross  Weight. 
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20,000 

16,000 

12,000 

FORCE 

8000 

4000 

\ 

V 

j 

|x-F0RCE(THRUST-DRAG)   / 

S 

\    WING  LI FT M 
20 40 60 

SPEED~KNOTS 

80 100 

Figure   12.     OV-1  Lift   and  X-Force  During Take-Off  at 
Taxi Attitude with Take-Off Thrust. 
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800 

TAKE-OFF 
DISTANCE 

OVER  600 
50 FOOT 

OBSTACLE 
~FEET 

400 

200 
13 14 15 

GROSS WEIGHT-1000 LB. 

17 

Figure 13. OV-1 Horizontal Distance from Lift-Off to a 
50-Poot Obstacle Versus Gross Weight. 

80 
TRANSITION 

DISTANCE   40 

~ FEET 

0 
12 13 14 15 

GROSS WEIGHT-1000 LB. 

Figure 14.  OV-1 Increase in Take-Off Distance Due to Rotatlor 
from Taxi Attitude to Fly Away Attitude Versus 
Gross Weight. 
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LANDING 
DISTANCE 
- FEET 

700 

LANDING 
/    9.36        \ ,, 

RUNWAY   PARAM ETER =^ne + (    ) P, 
\ 11.55+ 6.1^,/ 

(REF.   PG.2Z) 

12 13 14 

GROSS WEIGHT-1000 LB. 
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Figure 47.  Structural Weight Penalty Veraua Undulation 
Height. Undulation Length - 15.7 InoheB. 
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Figure 51.  Structural Weight Penalty for 5 Inch Bump Versus 
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Airplane In Three-Point Attitude. 
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Figure 57.  Effect on OV-1 Performance of Structural 
Weight Penalty.  Take-Off Weight Increases 
as Structural Weight la Added. 
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VA     Vertical accelerations - Positive upward 
(resulting in downward inertia forces) 

PA     Pitching accelerations - Positive leading 
edge up 

SH     Shear - Positive shear produces positive 
bending moment 

BM     Bending moment - Positive moment produces 
compression in upper elements of wing 
and fuselage 

TQ     Torque - Positive torque produces nose up 
twist of wing 

AA     Airplane angle - Positive nose up 

AV     Airplane pitching velocity - Positive nose up 

APA     Airplane pitching acceleration - Positive nose up 

VP     Vertical position of airplane C.Q. - 
Positive up 

W     Vertical velocity of airplane C.G. - 
Positive up 

AVA     Vertical acceleration of airplane C.G. - 
Positive up 

HA     Horizontal acceleration of C.Q. - Positive forward 

Figure 68.  Sign Conventions (Cont'd). 
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